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This  report  summarizes  the  accomplishments  of  a three-year  program  to  explore  the  materials 
aspects  of  structural  Integrity  technology  for  fast  craft  and  ships.  Fast  craft  and  ships  of  the  future 
will  be  the  first  Navy  experience  with  fleet  ships  where  high-strength  materiel  will  be  used  In  the 
Mawater  environment.  In  contrast  to  the  customary  naval  structural  materials,  which  are  quite 
•'forgiving,*  higher  strength  materials  have  an  increased  tendency  for  accelerated  crack  growth, 
environmental  effects,  and  fracture;  the  result  of  this  tendency  will  be  Increased  safety  and  — 
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FINAL  REPORT 

DIRECT  LABORATORY  FUNDED  PROGRAM 
RELIABILITY  CRITERIA 

FOR  ADVANCED  STRUCTURAL  MATERIALS/FAST  CRAFT  AND  SHIPS 


As  has  been  the  case  with  other  weapons  systems  and 
platforms  where  quantum  advances  in  performance  is  a primary 
goal,  the  future  fleet  of  fast  craft  and  ships  must  rely  on 
the  most  advanced  structural  materials  available  to  attain 
the  desired  operational  requirements.  Historically,  devel- 
opment programs  for  new  submarine  structures,  new  aircraft 
involving  radical  departures  from  past  configurational 
concepts,  and  spacecraft  and  missiles  have  been  beset  from 
their  beginnings  with  materials -related  problems,  due  to 
the  "learning-curve"  exercises  that  accompany  the  intro- 
duction of  new  materials.  The  Navy  is  only  now  entering  this 
problem  area  with  respect  to  the  surface  ship  fleet. 
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Because  the  future  fast  craft  fleet  must  rely  on  new 
materials  and  structural  configurations  to  minimize  struc- 
tural weight,  new  design  practices  at  sophistication  levels 
well  in  excess  of  traditional  methods  for  surface  ships  must 
be  introduced,  including  a new  set  of  safety  and  maintain- 
ability factors.  Potential  problems  of  safety  and  reliabil- 
ity for  fast  craft  are  expected  to  be  caused  by  the  growth 
of  small  defects  to  sizes  which  cause  catastrophic  failure 
or  excessive  maintenance  burdens  over  the  projected  life  of 
the  ships.  Problems  of  crack  growth  and  fracture  become 
more  prevalent  as  materials  of  increasing  yield  strength 
are  used;  this  is  due  both  to  the  increase  in  sensitivity 
to  accelerated  crack  growth  rates  due  to  environmental  effects 
and  a decrease  in  tolerance  for  cracks  as  yield  strength  is 
increased.  Some  problems  of  this  type  are  beginning  to 
appear  early  in  the  hydrofoil  strut  and  foil  structures,  in 
"marinized"  gas  turbine  power  plants,  and  in  other  components 
of  small  prototype  fast  craft  and  ships,  and  the  problems 
promise  to  become  more  severe  as  structures  become  larger 
and  as  ship  performance  requirements  and  operating  hours 
are  extended. 

The  developing  methods  to  account  for  the  presence  of 
defects  and  their  effect  on  structure  or  component  life  can 
be  summarized  as  structural,  integrity  (SI)  technology.  SI 
technology  includes  both  the  materials  and  design  aspects 
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of  predicting  crack  initiation  and  growth  to  critical  size, 
including  effects  of  variable  loads  and  environmental  effects, 
and  has  its  maxinum  potential  benefit  to  the  Navy  in  giving 
designers  the  tools  for  materials  selection,  establishing 
design  allowables,  specification  of  quality  control  and 
fabrication  practices,  and  defining  inspection  and  mainte- 
nance intervals  on  the  basis  of  scientifically  rational 
principles.  Further  development  of  the  field  of  fracture 
mechanics  and  the  implementation  of  design  procedures  based 
on  fracture  mechanics  principles  offers  the  only  approach  to 
deal  with  crack  growth  and  fracture  problems  in  the  fast 
craft  and  ship  fleet. 

This  DLF  program  concentrated  on  the  materials  aspects 
of  SI  technology,  and  in  particular,  on  materials  that  are 
potential  candidates  for  the  future  fast  craft  and  ship 
fleet.  The  principal  objective  was  to  advance  and  consoli- 
date the  SI  technology  required  to  establish  rational  re- 
liability criteria  for  design  of  fast  craft  and  ships,  for 
selection  and  development  of  materials  systems,  and  for 
definitions  of  the  maturity  of  developmental  materials  for 
fleet  usage  on  a large  scale.  Host  of  the  emphasis  was  on 
metallic  materials  that  are  currently  in  use  in  aircraft  or 
ships  and  on  developmental  materials  which  show  promise  for 
future  applications;  an  exploratory  effort  in  composite 
materials  was  also  a part  of  the  program. 

The  DLF  program  was  organized  into  six  major  sections 
along  technology  lines , each  with  specific  objectives  as 
listed: 

A.  Fracture  Mechanics  Technology /Fast  Fracture/Integrated 

Analysis  ibrocedures 

Principal  Investigator:  Mr.  R.  W.  Judy,  Jr. 

The  objective  of  the  work  in  this  section  was  Intended 
to  develop  methods  for  characterizing  fracture  resistance 
properties  of  structural  materials  in  the  thickness  range 
2.54-1.27  cm  (0.1-0. 5 in.).  Katerials  of  high-str8ngth-to- 
density  ratio  with  elastic-plastic  and  plastic  levels  of 
fracture  resistance  are  of  primary  importance  for  future 
fast  craft  and  ships.  An  additional  objective  was  to  develop 
and  validate  methods  for  translation  of  materials  character- 
ization data  concerning  crack  growth  and  fracture  to  analysis 
procedures  which  can  be  used  for  application  of  SI  technology 
to  current  and  future  fast  craft  and  ship  structures. 
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B.  Fracture  Mechanics  Techno logy /Fatigue  Criteria 
Principal  Investigator:  Mr.  T.  W.  Crookej 
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The  efforts  in  this  section  were  directed  toward  devel- 
opment of  an  engineering  basis  for  assuring  that  naterials 
selected  for  advanced  fast  craft  and  ship  applications  will 
possess  adequate  resistance  to  fatigue  crack  growth  encoun- 
tered in  service.  This  task  was  performed  utilizing  the 
framework  of  existing  fracture  mechanics  technology  for 
fatigue  crack  growth.  The  results  of  this  work  serve  as 
the  basis  for  establishing  definitive  crack  growth  design 
criteria  which  are  necessary  to  assure  the  operational 
safety  and  reliability  of  fast  craft  and  ships. 

C.  Fracture  Mechanics  Technology /Crack  Growth  and 

Electrochemical  Protection 

Principal  Investigator:  Dr.  C.  T.  Fujii 

The  work  of  this  section  was  to  evaluate  the  effects 
of  the  salt  water  environment  on  the  performance  of  structural 
metals  for  fast  craft  and  ships,  with  the  primary  effort 
devoted  to  stress-corrosion  cracking  and  effects  of  electro- 
chemical potential.  Seawater  is  a very  aggressive  corrodent 
for  most  structural  alloys,  and  stress-corrosion-cracking 
problems  are  expected  to  occur  frequently  in  many  fast  craft 
components.  For  this  reason,  the  effect  of  seawater  on  the 
behavior  of  high-strength  metal  systems  must  be  clearly 
defined  to  establish  reliable  limits  of  utility  for  their 


successful  use.  j 

! 

D.  Composite  Materials  Technology  i 

Principal  Investigators:  Dr.  J.  V.  Gauchel  and  j 

Hiss  A.  M.  Sullivan  i 

i 


The  purpose  of  this  section  was  to  study  failure 
mechanisms  in  composites  to  formulate  failure  and  design 
criteria  specifically  for  these  materials.  Initially,  an 
effort  was  made  to  apply  existing  methods  of  linear-elastic 
fracture  mechanics  to  composites  to  provide  a basis  for 
comparison  of  properties  with  existing  metal  systems.  The 
major  thrust  of  the  program  was  to  identify  critical  condi- 
tions that  comprise  structural  failure  in  typical  composite 
structures  and  to  define  design  criteria  based  on  this 
information. 
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E.  Bonding  Technoloi 


Principal  Investigator:  Dr.  W.  D.  Bascom 

The  purpose  of  this  section  was  to  determine  the  relation- 
ship between  the  chemical  composition  of  high-strength 
polymers  and  their  mechanical  and  thermal  properties  with 
emphasis  on  their  fracture  toughness.  These  polymers,  which 
include  the  epoxies,  thermosetting  polyesters  and  polyimides, 
are  used  in  military  aircraft  and  ship  structures  as  the 
, matrix  for  organic  resin  fiber  composites  and  as  structural 

adhesives.  They  also  find  use  as  secondary  structures 
(e.g.,  housing,  windows,  etc.)  and  as  components  in  mechan- 
ical and  electronic  devices  (e.g.,  bushings,  seals,  gears, 
etc. ) . 

F.  Technology  Transfer 

This  section  of  this  report  is  devoted  to  summarizing 
the  significant  interactions  of  NHL  personnel  with  other 
i activities,  wherein  specialized  knowledge  of  the  subject 

j<°  matter  was  used  to  impact  developmental  programs  or  to 

disseminate  the  technology.  This  aspect  of  the  DLF  program 
was  one  oi  the  more  important  contributions  to  the  technol- 
ogy base. 

G.  Bibliography 
International  Units: 

Because  of  the  Department  of  Defense  requirement  for 
use  of  International  Units  in  tecbical  reports,  values  of 
the  various  parameters  measured  or  calculated  in  this  report 
are  reported  in  these  units  throughout  the  text,  with  the 
equivalent  English  units  in  parentheses.  However,  most  of 
the  figures  in  the  report  were  drawn  using  English  units 
prior  to  the  effective  date  of  the  directive;  furthermore, 
many  of  the  figures  have  several  scales  cross-referencing 
the  parameters  which  can  or  have  been  correlated.  To  avoid 
an  unnecessary  proliferation  of  scales  on  the  figures, 
conversion  fables  are  presented  to  allow  the  reader  to  easily 
use  either  set  of  units.  Table  1 presents  the  conversion 
factors  used  to  constuct  Tables  2 through  4,  which  contain 
the  detailed  conversions. 
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TABLE  1.  CONVERSION  FACTORS  FOR  TERMS  USED  IN  STRUCTURAL 
INTEGRITY  MECHANICS 


Distance:  1 in.  - 2.54  cm 

1 cm  - .3937  in. 

Stress:  1 ksi  - 6.8948  MPa 

' 1 MPa  - .1450  ksi 

Linear  Elastic  Fracture  Mechanics: 


Stress  Intensity  K: 


1 ksl/Tn. 
1 MPav/m 


1.0989  MPa/ra 
.910  kslVin. 


Ratio  Kj/CTys: 

l/in.  - 1.5937  Jca 
Vcm  “ .6275  «/ln. 

Initiation  Energy  Jr. 

1 - .17512  ™ 

in.  n 


1 H - 5.7105 
m1 2  in. 


Dynamic  Tear  Test  Mechanics: 
DT  Energy: 


1 ft. lb.  - 1.3558  Nm 

1 Nia  - .7376  ft. lb. 


ft. lb. 


.01319 


KN.st 


37? 


i 


MN  -tt 

37a 

a 


75.839  ft. lb. 
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ENGLISH- METRIC  CONVERSIONS  FOR  TERMS  USED  IN 
DYNAMIC  TEAR  TEST  MECHANICS 


A.  Fracture  Mechanics  Technology/ 

Fracture  and  Integrated  Analysis  Procedures 

R.  W.  Judy,  Jr.,  C.  A.  Griffis,  and  R.  J.  Goode 

The  application  of  structural  integrity  (SI)  principles 
tc  assure  the  safe  operation  of  fast  craft  and  ships  requires 
as  a baseline  a knowledge  of  the  capability  of  the  structure 
to  resist  failure  by  extensive  fracture  due  to  suddenly 
imposed  loading.  This  capability  is  derived  from  the  inher- 
ent resistance  of  the  structural  material  to  crack  propaga- 
tion under  dynamic  loading.  The  present  state  of  fracture 
technology  is  that  the  structural  behavior  of  metals  of 
brittle,  or  plane  strain,  properties  can  be  predicted  with 
a high  degree  of  accuracy.  Applications  involving  the  use 
of  materials  with  appreciable  ductility  (tough  materials) 
can  only  be  accomplished  by  engineering  methods  rather  than 
by  analytical  methods  derived  from  first  principles.  Struc- 
tural design  procedures  to  prevent  or  control  fracture 
extension  (Al)  in  ductile  materials  are  based  on  correlation 
of  the  appropriate  materials  properties  with  the  results  of 
structural  element  tests.  The  key  to  successful  application 
of  these  methods  to  any  problem  is  an  accurate  and  reliable 
test  method  to  characterize  the  fracture  resistance  inherent 
to  the  structural  metal.  Dynamic  Tear  (DT)  test  methods 
were  evolved  for  this  purpose  and  have  been  used  in  studies 
of  aluminum,  titanium,  and  steel  in  the  section-size  range 
of  0.78  to  15.2  cm  (0.3  to  8.0  in.).  This  section  presents 
the  results  of  studies  to  develop  DT  test  methods  for 
characterizing  the  fracture  resistance  properties  of  thln- 
section  materials  in  the  thickness  range  of  0.32  to  1.27  cm 
(0.125  to  0.50  in.). 

BACKGROUND 

The  DT  test  specimen,  Fig.  Al,  is  an  edge-notched  bar 
which  is  loaded  dynamically  in  three-point  bending  by 
machines  of  pendulum  or  falling  weight  type.  Test  specimens 
are  dimensioned  according  to  material  thickness;  standard 
configurations  for  various  thicknesses  have  been  established 
(A2,A3) . Energy  to  fracture  the  specimen  at  specified 
loading  rates  and  temperatures  is  measured  in  standard  tests. 
Various  analysis  procedures  based  on  DT  test  methods  have 
been  evolved  over  the  past  several  years.  These  include 
R-curve  characterizations  (A4-A6)  and  Ratio  Analysis  Diagram 


its 


(RAD's)  for  steels,  aluminum  alloys,  and  titanium  alloys 
(A7-A9) . It  must  be  emphasized  that  the  DT  test  is  intended 
for  engineering  use  in  providing  material  characterizations 
rather  than  as  a tool  for  precise  scientific  investigations. 
For  this  reason,  every  effort  to  simplify  test  procedures 
and  to  minimize  test  costs  has  been  made. 

In  past  studies  (A11-A13),  a relation  between  DT  energy 
values  and  specimen  cross-section  dimensions  has  been 
established.  The  equation  E - Rp  (Aa)zB1''z,  where  the  terms 
are  defined  in  Fig.  Al,  has  been  shown  to  apply  for  steels 
and  aluminum  alloys  in  sections  above  0.76  cm  (0.3-in.). 

The  constant  R-,  which  is  the  index  of  material  resistance 
to  fracture,  is  a geometry-independent  parameter.  It  is 
Important  to  note  that  the  equation  applies  only  for  the 
plastic  and  elastic-plastic  fracture  states.  The  plane- 
strain  case  is  best  handled  by  linear-elastic  fracture 
mechanics.  Use  of  the  Rp  parameter  to  measure  fracture 
resistance  allows  independent  analysis  of  mechanical 
constraint  effects  and  of  metallurgical  effects.  The  light- 
weight, highly  efficient  structures  expected  to  be  used  in 
future  fast  craft  and  ships  will  demand  high  levels  of 
fracture  resistance  in  thin-sectlon  structural  materials. 

For  this  reason,  the  major  effort  in  the  fracture  studies 
was  the  development  of  a reliable  method  to  characterize 
the  fracture  resistance  properties  of  such  materials  and 
to  establish  methods  to  translate  these  characterizations 
to  a format  useful  for  assessment  of  structural  performance. 

Laminated  DT  Specimen 

A test  method  for  characterizing  tbin-section  materials 
was  developed  from  the  DT  test  to  provide  continuity  between 
the  technology  developed  for  thicker  materials . The  approach 
to  the  problem  was  to  establish  that  the  ductile  fracture 
equation  did  apply  for  tbin-section  materials  of  interest, 
using  selected  aluminum  alloys,  titanium  alloys,  and  steels 
as  reference  materials. 

The  standard  1.59  cm  (5/8-in, ) DT  specimen  plan  dimen- 
sions, Fig.  f 2,  were  utilized  so  that  existing  equipment 
could  be  used  for  the  experimental  part  of  the  study. 
Lamination  techniques.,  as  shown  in  Fig.  A2,  were  necessary 
to  prevent  specimen  trickling  and  to  provide  sufficient 
energy  to  get  a good  measurement.  Using  aluminum  alloy 
5086-H32  in  0,32  cm  (0«125-in.)  thickness,  it  was  shown 
that  the  energy-per- laminate  was  constant,  Fig.  A3,  and 
therefore  that  an  averaging  method  could  be  used.  The  next 
step  was  to  establish  the  applicability  of  the  ductile 
fracture  equation  by  testing  a matrix  of  specimens,  varying 


the  thickness  B and  fracture  length  dimension  A a,  for  test 
specimens  machined  from  1.27  cm  (0.5-in.)  thick  materials. 

This  -as  accomplished  for  aluminum  alloys,  titanium  alloys, 
and  steels  that  encompassed  the  range  of  strength  and  frac- 
ture resistance  typical  of  commercially  available  materials . 

The  initial  experiments  were  conducted  for  aluminum 
alloys  5086-H32,  6061-T651,  2024-1351,  and  7075-T6  using 
test  specimen  thicknesses  of  0.32,  0.64,  and  1.27  cm  (0.125, 
0.25,  and  0.5-in.)  (full  thickness).  Regression  analysis  of 
the  data  to  determine  the  best  values  of  the  exponents 
in  the  equation  E - RpAaxBy  showed  that  the  exponents 
were  approximately  the  same  as  had  been  determined  for 
thicker  materials,  i.e.,  x “ 2 and  y “ 0.5.  The  following 
procedure  was  used  to  demonstrate  the  applicability  of  the 
equation  for  these  materials: 

(a)  Calculate  the  best  value  of  Rp  for  each  specimen 
and  average  the  results  to  give  a characteristic  Rp  for 
each  material. 

(b)  Using  the  characteristic  value  of  R_  for  each 
material  and  the  dimensions  of  each  test  specimen,  calculate 
a predicted  fracture  energy  for  each  specimen. 

(c)  Compare  the  predicted  energy  of  step  (b)  with  the 
energy  measured  in  test. 

Figure  A4  is  a plot  of  predicted  energy  vs.  measured  energy 
for  the  aluminum  alloys;  the  close  fit  of  the  data  to  the 
1:1  line  is  evidence  of  the  applicability  of  tke  method. 

The  process  for  demonstrating  the  applicability  of  the 
ductile  fracture  equation  was  repeated  for  titanium  alloys 
Ti-6Al-2Cb-lTa-lHo,  T1-6A1-4V,  and  Ti-6Al-6V-2Sn  in  1.27  cm 
(0.5-in.)  sections.  For  all  of  these  materials,  the  conform- 
ance of  the  data  to  the  equation  was  good,  as  indicated  in 
Fig.  A5.  A similar  experimental  program  to  verify  the 
applicability  of  the  ductile  fracture  equation  for  thin-aection 
steels  was  also  conducted  with  two  samples  of  Hf-130  and 
one  sample  of  HY-80  as  the  materials  of  interest.  Figure  A6 
shows  the  good  correlation  of  predicted  energy  and  measured 
energy  for  these  steels. 

Ratio  Analysis  Diagram 

The  primary  purpose  of  establishing  the  validity  of  the 
ductile  fracture  equation  for  thia-sectlon  materials  was  to 
allow  use  of  existing  analysis  techniques  for  interpreting 
basic  material  characterization  data  to  structural  perform- 
ance. For  thlcter-section  materials,  the  RAD  is  a format 
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which  has  been  verified  for  this  purpose  and  which  contains 
all  of  the  parameters  necessary  for  analysis  involving  thin- 
section  materials. 

The  RAD  framework  is  formed  from  the  scales  of  yield 
strength  vs.  Kjc  and  DT  energy.  Fig.  A7.  The  most  prominent 
features  of  the  RAD  are  the  limit  lines  and  the  system  of 
lines  of  constant  Kic/a„s . The  technological-limit  line 
represents  the  highest  values  of  fracture  resistance  measured 
to  date  either  by  DT  tests  over  the  entire  yield-strength 
range  or  by  Kjc  tests  in  the  elastic  fracture  range;  the 
lower  bound  represents  the  lowest  levels  of  fracture  resist- 
ance. Reference  charts  of  critical  flaw  size  (A10)  are 
provided  by  the  system  of  Kjc/cyg  lines. 

Kjc/oys  ratio  lines  also  divide  the  diagram  into  regions 
of  expected  plastic,  plane-strain,  and  elastic-plastic  behav- 
ior for  given  material  thicknesses.  The  separations  are 
determined  according  to  thickness,  as  shown  for  the  1.27  cm 
(C.5-in.)  section  size  in  Fig.  A7.  The  critical  edge 
between  plane-strain  behavior  and  elastic-plastic  behavior 
is  the  plane-strain  limit,  which  is  determined  for  a given 
metal  thickness  by  B - 2.5  (Kj_/o.,s)z.  The  boundary 
between  the  elastic-plastic  ana  plastic  regimes  is  the 
general-yield  limit,  which  is  given  in  terms  of  metal  thick- 
ness by  B - 1.0  (Kjc/dys)2.  The  division  of  the  RAD 
into  three  regions  provides  an  engineering  index  of  the 
fracture  state  and  thereby  serves  to  indicate  the  type  of 
more  detailed  design  approach  required  for  each  case. 

The  ductile-fracture  equation  permits  entry  of  material 
properties  for  any  metal  thickness  onto  the  RAD  to  determine 
the  fracture  state.  This  is  dons  by  adding  a scale  of  R_ 
as  calculated  from  the  standard  1-in.  DT  energy  scale.  Since 
Rp  is  independent  of  geometry  effects,  section  size  is  the 
only  factor  used  to  locate  the  elastic-plastic  region  on  the 
RAD.  For  example,  the  RAO's  of  Figs.  A8,  A9,  and  A10  are 
drawn  for  1.27  cm,  0.64  cm,  and  0.32  cm  (0.5-in.,  0.25-in., 
and  0.125-in.)  section  sizes,  respectively,  with  all  the 
data  plotted  on  the  diagram  using  the  Rp  scale. 

To  illustrate  the  value  of  separating  metallurgical 
variables  and  mechanical- test  variables,  consider  the  data 
point  for  the  7075-T6  alloy  on  Figs.  AS,  A9,  and  A10.  Since 
Rp  represents  the  physical  properties  of  the  metal,  this 
point,  as  are  all  data  points,  is  constant  for  all  three 
RAO's.  However,  effects  of  section  size  are  such  that  a 
different  fracture  state  exists  for  the  same  material  at 
each  of  the  test  thicknesses: 
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• At  B “ 1.27  ora  (0.5-in.)  (Fig.  A8),  the  material  has 
plane-strain  properties,  a level  of  fracture  resist- 
ance that  permits  unstable  crack  extension  at  low 
elastic  stress  levels  with  minimal  deformation  at  the 
crack  tip. 

• At  B * 0.64  cm  (0.25-in.)  (Fig.  A9),  the  material  has 
elastic-plastic  properties,  which  is  a level  of 
fracture  resistance  that  allows  unstable  crack 
propagation  at  high  elastic  stress  levels  with  an 
appreciable  amount  of  crack-tip  plasticity, 

■ At  B - 0,32  cm  (0.125-in.)  (Fig.  A10),  the  material 
has  plastic  properties,  for  which  crack  extension 
requires  stresses  over  the  yield  strength  and  a 
higher  energy  expenditure  to  "drive"  the  crack. 

Because  the  effect  of  section  size  is  so  important  in  deter- 
mining the  fracture  state,  a parameter  for  characterizing 
the  fracture  resistance  properties  of  ductile  materials 
independently  of  geometrical  effects  is  essential  to  evolve 
a format  for  interpreting  laboratory  test  results  to  struc- 
tural design.  Independent  analyses  of  metallurgical  aspects 
and  mechanical  aspects  on  the  fracture  properties  of  materials 
are  made  possible  by  the  use  of  the  Kp  parameter  associated 
with  RAD  analysis  procedures. 

Studies  of  thin-sectlon  materials,  coupled  with  the 
background  of  experience  with  thicker  materials,  showed  that 
a wide  range  of  specimen  configurations  can  be  used  for 
characterizing  the  fracture  resistance  properties  of  high- 
strength  metals.  Because  the  influence  of  geometry  is  well 
known,  a single  specimen  configuration  is  sufficient  to 
determine  Rp.  It  is  advantageous  to  use  laminated  specimen 
methods  for  characterization  of  thln-scction  metals  because 
the  total  energy  value  is  higher  and  is  therefore  less 
subject  to  experimental  errors  than  are  those  values  from 
tests  of  a single  thickness  and  because  the  laminated 
configuration  minimizes  statistical  variations  in  properties 
by  averaging.  For  these  reasons,  the  specimen  design  shown 
in  Fig.  All  is  recommended  for  DT  tests  of  thin-sectlon 
materials . 

The  program  to  verify  the  applicability  of  the  ductile 
fracture  equation  and  the  RAD  for  characterization  of  mate- 
rial properties  and  analyses  involving  these  characterizations 
was  completed  by  a series  of  experiments  involving  large 
panels  of  aluminum  to  verify  that  the  R_  values  for  thin 
seotion  could  be  Interpreted  by  the  RAD^format  to  correctly 
predict  the  behavior  of  the  metal  in  structures.  The  test 
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specimens  were  tension  loaded  panels.  50.8  cm  (20-in.)  wide 
at  thicknesses  of  0.32  cm  (0.125-in.)  and  1.27  cm  (0.500-in.) 
for  each  of  the  aluminum  alloys  in  Table  Al.  Test  results 
were  largely  qualitative  in  nature  and  involved  measurements 
of  failure  stress  relative  to  the  yield,  as  well  as  visual 
observations  of  the  fracture  state.  In  all  cases  the  test 
results  confirmed  projections  of  the  behavior  of  the  spec- 
imens that  were  made  from  the  HAD.  The  experiments  thus 
did  verify  that  the  technology  developed  for  thick-section 
material  could  be  applied  for  thinner  gages. 

To  complete  the  investigation,  determinations  were  made 
of  the  fracture  resistance  properties  of  a variety  of  alu- 
minum and  titanium  alloys  and  Iff-80  and  HY-130  steels,  as  in 
as-rolled  sections  ranging  between  0.25  cm  (0.100-in.)  and 
1.27  cm  (0.500- in.).  Also  included  are  results  of  studies 
of  laser  welds  in  the  same  materials.  The  alloys  and 
mechanical  properties  are  listed  in  Table  A2,  and  the  data 
are  plotted  on  the  HAD  format  in  Figs.  A12-A18.  All  of  the 
RAD's  are  scaled  for  analysis  of  1.27  cm  (0.5-in.)  thick 
material;  procedures  for  adjustment  of  the  ratio  lines  for 
other  thicknesses  are  those  described  earlier. 

Thin-Sectlon  Aluminum  Alloys 

Figure  A12  shows  data  for  four  aluminum  alloys,  each  in 
thicknesses  of  0.32,  0.64,  and  1.27  cm  (0.125,  0.25,  and 
0.5-in.),  as  indicated  by  the  numbers  beside  each  data  point. 
The  materials  shown  are  all  commercial  alloys  and  represent 
materials  used  in  military  applications.  For  example,  the 
7075-T6  and  2024-1351  alloys  have  been  used  extensively  for 
aircraft  applications,  while  the  500  series  alloys  shown 
have  been  used  in  hull  structures  of  high-performance  ships. 
The  7075-T6  alloy  has  very  high-strength  and  fracture 
properties  in  the  plane-strain  region  for  the  1.27  cm 
(0.5-in.)  thickness  of  the  RAD  of  Fig.  A12;  this  property 
is  one  reason  that  the  7000  series  alloys  are  not  utilized 
in  marine  applications.  Conversely,  the  5086-H116  and  H32 
alloys  are  currently  used  as  hull  structural  materials  for 
hydrofoil  and  surface  effect  ships  type  craft  because  of 
their  weldability  and  because  of  the  high  degree  of  toughness 
indicated  by  their  position  high  in  the  plastic  fracture 
regime  of  the  RAD.  In  this  alloy  system  and  in  the  5456 
alloy  (not  shown),  the  H116  temper  or  the  H117  temper,  which 
has  equivalent  properties,  is  preferred  to  the  H32  temper  to 
alleviate  delamination  in  seawater  which  is  Inherent  to  the 
H32  temper. 

Aluminum  alloy  6061-T6S1  has  a high  degree  of  fracture 
resistance  for  its  strength  level;  however,  it  is  not 
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considered  appropriate  for  marine  applications  because  it  is 
a heat-treated  alloy  and  therefore  weld  properties  approach- 
ing that  of  parent  material  cannot  be  attained.  The  2024- 
1351  alloy  has  a strength  level  intermediate  between  7000 
and  5000  series  alloys;  and  in  addition,  is  resistant  to 
stress-corrosion  cracking,  which  has  led  to  its  use  in 
commercial  aircraft.  In  the  alloy  systems  shown  in  Fig.  A12, 
a considerable  body  of  fracture  data  is  available  for  thicker 
sections;  the  data  for  thin  sections  correspond  very  closely 
with  this  data  bank.  Ihis  is  additional  evidence  that  the 
thin-section  DT  test  can  be  utilized  to  characterize  the 
fracture  properties  of  thin-gage  aluminum  alloys  and  that 
the  RAD  can  be  used  to  provide  an  index  of  expected  struc- 
tural performance  for  thin-section  materials. 

Thin-Section  Titanium  Alloys 

Titanium  alloys  in  thin-section  have  much  to  recommend 
their  use  in  fast  craft  because  of  their  high-strength-to- 
density  properties  and  because  of  the  backlog  of  information 
being  accumulated  by  aircraft  producers,  who  are  using 
increasing  quantities  of  various  alloys  on  military  aircraft. 
The  Navy  has  had  an  extensive  program  for  several  years  to 
develop  a weldable  titanium  alloy  system  for  applications 
requiring  heavy-section  material  (thicknesses  in  excess  of 
2.54  cm  (1-ln.).  This  study  concentrated  on  lighter  gage 
materials,  again  with  emphasis  being  placed  on  development 
of  engineering  test  and  analysis  methods  to  facilitate  the 
use  of  titanium  alloys  on  a significant  scale  in  fast  craft. 

Titanium  alloy,  Ti-6Al-2Cb-lTa-lJto  (6211),  is  the  alloy 
system  of  current  interest  for  heavy-section  applications 
and  has  been  developed  to  the  point  where  the  alloy  is  avail- 
able commercially  in  a variety  of  product  forms.  To  define 
the  properties  of  the  commercial  thin-section  material,  the 
6211  alloy  in  sections  ranging  from  0.25  cm  to  1.27  cm 
(0,.100-in.  to  0.5-in.)  was  characterized  by  the  laminated 
DT  specimen  methods  previously  described.  For  titanium 
alloys,  a reference  temperature  of  0°C  (32 °F)  was  used  as  a 
standard  for  the  DT  tests.  This  is  because  titanium  alloys 
have  a very  gradual  transition  in  fracture  resistance  with 
change  In  temperature,  as  opposed  to  many  steels  which  have 
a sharp  temperature  transition  and  aluminum  alloys  which 
have  little  or  no  temperature  transition.  Data  for  the  thin- 
section  6211  alloy  are  plotted  on  the  titanium  RAD  in  Fig.  A13, 
which  also  shows  the  zone  including  data  for  plate  materials 
and  weld  metal  in  thicknesses  of  2,54-7.62  cm  (1-3  in.). 
Plotting  values  of  yield  strength  and  R„  for  the  6211  alloy 
in  the  gages  Indicated  by  the  small  numbers  in  Fig.  A13  show 
that  the  strength  is  increased  and  the  fracture  resistance 
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decreased  in  comparison  to  heavier-section  materials.  All 
of  the  thin-section  6211  sheets  had  fracture  resistance 
levels  in  the  plastic  fracture  range  for  the  1.27  cm  (0.5-in.) 
section.  It  is  noted  that  the  margin  of  fracture  resistance 
for  a given  thickness  of  material  is  in  proportion  to  the 
distance  from  the  plane-strain  limit  line  for  that  thickness. 
Since  the  plane-strain  limit  ratio  decreases  with  decreasing 
thickness,  the  margin  of  fracture  resistance  for  the  thin- 
gage  materials  is  about  the  same  as  for  the  thicker  gages. 

Fracture  resistance  data  for  two  other  alloy  systems  - 
Ti-6A1-4V  (6-4)  and  Ti-6Al-6V-2.5Sn  (6. 6-2. 5)  - are  shown 
in  Fig.  A14.  The  thickness  range  for  these  materials  was 
0.23  to  1.27  cm  (.090  to  ,500-in.).  The  6.4  alloy  selection 
included  materials  of  commercial  quality  (oxygen  content 
~0.15  wt.  pet.)  and  ELI  grade  (oxygen  content  ~0.12  pet.), 
while  the  6-6-2. 5 alloy  was  commercial  purity.  The  fracture 
resistance  of  both  alloy  systems  corresponded  to  the  RAD 
regions  occupied  by  fracture  data  for  thicker  materials  of 
the  same  composition. 

Thin-Section  Steels 


The  RAD  for  thin-section  steels,  Fig.  A15,  shows  the 
data  for  the  three  samples  of  material  used  to  verify  the 
use  of  the  laminated  DT  test  specimen  for  characterizing 
the  fracture  resistance  property  of  steels.  The  two  samples 
of  HY-13Q  appear  to  represent  extremes  of  the  quality  range 
expected  for  HY-130.  The  HY-80  sample  appears  to  be  quite 
low  in  fracture  resistance  in  comparison  to  the  range  of 
values  previously  established  for  this  material.  However, 
the  test  data  were  consistent  in  that  values  of  Rp  measured 
with  different  test  specimen  configurations  for  each  sample 
of  material  were  reasonably  uniform.  Because  of  the  exten- 
sive backlog  of  test  data  on  steels,  this  investigation  was 
confined  to  these  three  materials. 

Laser  Welds  of  High-Strength  Materials 

A program  was  conducted  to  define  the  SI  technology- 
related  properties  of  laser  welds  in  HY  grade  steels,  17-4  PH 
steel,  and  in  Ti-6211  alloy.  The  welds  were  made  by  the 
United  Aircraft  Corporation  and  were  all  square  butt  fusion 
welds.  As  the  technology  of  laser  welding  is  largely  exper- 
imental in  nature,  the  test  samples  were  a "best  effort" 
basis  and  in  reality  represent  the  first  attempt  at  making 
welds  in  these  materials  for  a critical  evaluation.  The 
test  materials,  thicknesses,  welding  parameters,  and  comments 
concerning  the  weld  quality  resulting  from  visual  and  X-ray 
inspection  are  presented  in  Appendix  A;  fracture  data  are 
presented  in  Table  A3. 
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Fracture  resistance  data  for  HY  type  steels  in  terns 
of  the  Rp  parameter  and  material  yield  strength  are  shown 
on  the  RAD  in  Fig.  A16.  Zonal  regions  for  fracture  resist- 
ance of  thicker-section  materials  of  each  steel  type  are 
shown  for  purposes  of  comparison;  the  code  at  the  right 
side  of  Fig.  A16  shows  the  alloy  type  and  thickness  involved 
for  each  test  material.  Duplicate  points  indicate  different 
welding  parameters.  The  Rp  parameter  was  measured  with  a 
laminated  specimen  for  the^0.64  cm  (0.25-in.)  thick  materials 
and  with  a full-thickness  specimen  for  the  others.  The 
fracture  resistance  data  were  somewhat  lower  than  expected 
for  all  of  the  materials  and  might  approximate  the  levels 
typical  of  the  shielded-metal-arc  process.  Higher  levels 
of  fracture  resistance  would  be  expected  for  the  GMA  or  GTA 
welding  processes  in  the  same  alloy  systems.  It  is  strongly 
emphasized,  however,  that  laser  welding  technology  is  still 
in  its  infancy;  and  that  development  of  the  technology  would 
most  likely  result  in  properties  that  would  be  much  improved 
over  the  data  presented  here.  It  can  be  noted  tnat  plastic 
levels  of  fracture  resistance  for  materials  in  thicknesses 
exceeding  2.54  cm  (1-in.)  were  attained  for  all  of  the  HY 
grade  steels. 

Laser  welds  in  17-4  PH  stainless  steel  were  of  very 
goo  . quality  compared  to  the  base  material  properties,  as 
shown  on  the  RAD  in  Fig.  A17.  Laser  welds  of  two  types 
were  investigated:  (a)  the  as-welded  properties  of  2.54  cm 

(1-in.)  thick  section  and  (b>  properties  of  1.59  cm 
(0.625-in.)  material  in  the  H1050  temper  condition.  (The 
H1050  temper  corresponds  approximately  to  the  heat  treatment 
given  struts  and  foils  on  the  PHH  hydrofoil,  for  which 
17-4  PH  steel  is  a candidate  material.)  A slight  loss  of 
fracture  resistance  resulted  from  tho  welding,  as  would  be 
expected.  However,  the  weldments  were  of  sufficiently  high 
quality  to  meet  the  minimum  DT  energy  levels  specified  for 
strut/foil  materials  on  the  PHM  program.  (This  is  discussed 
in  more  detail  in  the  section  on  technology  transfer.) 


The  fracture  resistance  levels  of  laser  welds  in  0.64  cm 
(0.25-in.)  thick  Ti-6211  compared  very  favorably  with  the 
properties  of  parent  material,  as  is  shown  in  Fig.  A18. 

The  properties  of  two  laser  welds  corresponded  almost 
exactly  with  properties  of  the  parent  material,  both  of 
which  approached  tho  technological  limit  established  for 
plate  materials  of  thicker  section. 

Laser  welds  attempted  in  1.27  cm  (0.5-in.)  thick 
aluminum  alloys  were  unsuccessful.  The  welding  parameters 
used  produced  a highly  ijregul&r  weld  bead,  which  was  not 
suitable  for  evaluation  biy  mechanical  test  methods.  This 
problem  does  not  Indicate  that  laser  welds  cannot  be  made 
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in  aluminum  alloys,  but  it  does  serve  as  an  indication  that 
a development  effort  is  required  to  produce  laser  welds  in 
aluminum  of  acceptable  quality  for  use  in  Navy  applications. 

HY-180  Steels 


Future  aircraft  and  fast  craft  and  ships  are  developing 
material  requirements  along  concurrent  lines  to  meet  the 
common  problem  of  attaining  maximum  structural  integrity 
with  minimum  structure  weight.  The  best  example  of  this  is 
the  proposed  use  of  the  lONi  steel  developed  by  the  Navy 
as  a potential  submarine  structural  material  (HY-180)  for 
the  wing  carry-through  structure  of  the  B-l  bomber.  The 
choice  of  the  material  for  the  Air  Force  program  was  pred- 
icated on  its  high  inherent  fracture  resistance  property, 
which  was  a prime  parameter  in  development  of  the  alloy 
system.  In  the  B-l  program,  a full-scale  HY-180  wing  carry- 
through  structure  was  built  and  tested  to  demonstrate  its 
tolerance  for  the  growth  of  flaws  under  extreme  loading 
conditions. 


The  qualities  of  the  lONi  steel  which  make  it  attractive 
for  structural  components  that  are  critical  to  the  survival 
of  the  aircraft  are  the  same  qualities  that  are  important 
for  critical  components  in  large  fast  craft.  Because  of 
the  potential  need  for  such  materials  in  the  development  of 
future  fast  craft,  a survey  of  the  properties  of  this  alloy 
that  pertain  to  the  particular  problems  facing  such  craft 
was  included  in  the  DU  project. 


Four  samples  of  lONi  steel  were  made  available  to  NRL 
by  the  Convair  Aerospace  Division  of  General  Dynamics.  The 
samples  included  a forging  16.3  cm  (6.4-in.)  thick,  a plate 
8.9  cm  (3.5-in.)  thick,  a plate  4.83  cm  (1.9-in.)  thick, 
and  a 24.9  cm  (9.8-in.)  long  weldment  in  3.8  cm  (1.5-in.) 
thick  plate.  All  of  the  plate  materials  were  processed  by 
double  vacuum  (VIM-VAR)  procedures,  which  are  known  to 
impart  the  highest  attainable  fracture  resistance  properties 
to  this  alloy  system,  as  well  as  to  others. 


The  DT  energy  values  for  HY-180  steels  are  plotted  on 
the  steel  RAD  in  Fig.  A19,  which  compares  the  materials  of 
this  study  with  other  steel  systems  of  interest  to  the  Navy. 
One  of  the  products  of  past  Navy  research  is  the  delineation 
of  the  chain  of  materials  of  highest  quality  (optimum 
strength/toughness)  that  is  associated  with  double  vacuum 
processing.  The  chain  of  material  property  data  zones 
indicates  that  alloying  elements  control  strength  and  that 
cleanliness  (processing)  controls  fracture  properties.  The 
zone  coded  ”10-8-12"  is  Navy  data  for  2.54  cm  (1-in.)  thick 
plate  of  the  nominal  HY.-180  composition. 
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Data  for  the  B-l  bomber  program  are  represented  by  the 
cross-hatched  zone  shown  on  the  RAD  in  Fig.  A19.  This  zone 
lies  in  the  region  of  elastic-plastic  and  plastic  properties 
for  the  2.54  cm  (1-in.)  thickness  of  the  analysis,  which 
implies  that  brittle  fracture  is  not  expected  for  any  of  the 
materials  in  2.54  cm  (1-in.)  thickness.  At  a greater  thick- 
ness fracture  might  become  a problem  area,  even  though  the 
KIc/<5yS  is  high.  For  thinner  sections,  the  potential 

for  fracture  diminishes,  since  larger  flaws  and  stresses  in 
excess  of  the  material  yield  strength  are  required  for 
fracture. 

For  applications  involving  a need  for  high-strength, 
tough  materials  on  weight  critical  structures,  the  HV-180 
steel  offers  attractive  properties;  however,  much  would 
hinge  on  the  properties  related  to  environmental  crack  growth. 

Verification  of  FM  for  SCC 


The  value  of  using  fracture  mechanics  (FM)  test  methods 
to  define  the  resistance  of  structural  metals  to  stress- 
corrosion  cracking  (SCC)  and  to  fracture  stems  from  the 
capability  to  translate  K numbers  that  describe  material 
properties  to  physical  parameters  - stress  and  crack  size  - 
that  sre  readily  understood  by  designers.  The  translation 
capability  is  in  the  form  of  equations  of  the  type 

- a c/ays  /a,  where  a *■  crack  size,  o/oys  - stress 
relative  to  yield,  and  a « geometry  dependent  constant. 

One  of  these  is  the  surface  flaw  equation  which  describes  a 
part-through  crack  in  a tensile  stress  field,  [(Ki/o„o)2 

- 1.21  (o/oyS)2  ira/Q],  where  Q is  a constant  related  to 
flaw  shape  and  a/o y„;  this  equation  is  widely  used  because 
natural  flaws  usually  occur  in  tfclfv  configuration.  The 
applicability  of  the  equation  has  been  proven  for  brittle 
fracture  by  laboratory  experiments  and  by  analysis  of  service 
failures.  Because  of  its  general  applicability,  the  surface- 
flaw  equation  has  been  utilized  to  construct  analytical 
diagrams,  such  as  the  plot  of  crack  depth  vs.  ratio.  Fig.  A20, 
and  has  been  used  to  define  the  significance  of  Kic/oya 
ratio  lines  on  the  RAD. 
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It  is  considered  a reasonable  extrapolation  of  fracture 
mechanics  technology  to  use  the  surface-flaw  equation  for 
the  case  of  SCC  by  substituting  the  parameter  Sjgcc  in  the 
equation;  the  recently  developed  three-part  RAD  for  analysis 
of  SCC  is  based  on  this  assumption.  In  this  application, 
the  Kxscc  parameter  Is  used  to  predict  the  flaw  size/stress 
level  necessary  for  the  onset  of  crack  growth  due  to  SCC. 

The  objective  of  this  investigation  was  to  experimentally 
determine  whether  values  of  Kjacc  measured  by  cantilever-bend 


A-U 


tests  (see  section  on  FM  Technology/Crack  Growth  and  Electro- 
chemical Protection)  could  be  used  to  predict  the  stress 
level/flaw  size  combination  necessary  to  cause  crack  growth 
from  a surface  crack. 

The  materials  selected  were  17-4  PH  steel  in  the  H1050 
temper  andSAE  4340  steel  because  the  SCC  properties  of  both 
were  well  known.  Large  panels  having  known  surface  crack 
geometries  were  tested  according  to  a schedule  designed  to 
demonstrate  the  accuracy  of  the  surface-flaw  equation.  The 
first  step  was  to  apply  a stress-intensity  level  just  below 
that  calculated  to  be  necessary  for  crack  growth  in  a salt- 
water environment  (l.e.,  just  below  Kjscc)  for  a reasonable 
time  period  to  establish  that  no  crack  growth  would  occur. 
Following  this,  the  stress  intensity  was  raised  a small 
amount  to  a value  just  above  that  necessary  to  cause  crack 
growth.  All  calculations  for  the  tensile  panels  were  made 
with  the  surface-flaw  equation  using  characteristic  KjSqC 
values  determined  in  previous  studies  by  cantilever-bend 
type  specimens.  To  obtain  variations  in  the  KxScC  ratio, 
the  conditions  of  cathodic  coupling  were  varied  in  the 
17-4  HI  steel;  the  same  effect  was  attained  in  the  4340 
steel  by  heat  treating  the  specimens  to  different  yield 
strengths. 

Two  test  specimen  configurations  were  used,  as  shown 
in  Fig.  A21.  Part-through  flaws  were  machined  in  each 
specimen  by  EDM  procedures  followed  by  fatiguing  in  bending 
to  maximize  crack-tip  acuity.  In  tests  of  17-4  FH,  where 
specimens  were  cathodically  coupled  to  aluminum,  zinc,  or 
magnesium,  the  electrode  size  was  chosen  so  that  wetted 
areas  of  specimen  and  of  electrode  were  approximately  equal. 
The  stresses  on  the  specimens  were  measured  by  strain  g&ges, 
while  crack  growth  was  monitored  by  a strain-gaged  beam 
clip  gage  and  by  strain  gagos  at  the  tip  of  the  original 
crack.  Calculations  for  test  purposes  were  made  with  the 
best  estimates  of  crack  depth.  Final  calculations  were  made 
with  the  crack  dimensions  (machined  notch  plus  fatigue  crack) 
measured  at  the  completion  of  the  test  for  each  specimen. 

Results  of  the  test  program  are  shown  in  Table  A4  and 
in  Figs.  A22-27.  Figure  A22  is  a plot  of  KxSCq  or  KgC  (the 
KgC  term  represents  a test  where  the  specimen  failure  was 
due  to  a mechanism  other  than  slow  crack  growth)  vs.  yield 
strength  to  show  the  variables  Introduced  into  the  program. 
The  titanium  data  are  from  earlier  Investigations  and  are 
included  to  indicate  the  completeness  of  the  survey. 

The  experimental  work  for  17-4  PH  steel  is  summarized 
on  the  crack-depth  ratio  plot  in  Fig.  A23.  This  plot  is  a 


convenient  format  to  show  the  relation  between  the  three 
parameters  of  interest  - ratio  Ki/cys,  which  is  the  material 
property  of  interest,  flaw  size,  which  is  shown  as  a/'Q  (flaw 
size  normalized  by  shape  parameter)  on  the  left-hand  scale 
and  as  absolute  flaw  size  on  the  r’.ght-hand  scales,  and 
applied  stress,  o„/cy_.  As  shown  in  the  code,  the  end  points 
of  the  cross-hatcnedybars  indicate  the  imposed  test  condi- 
tions, the  no-fracture  point  is  on  the  left  and  the  point 
where  the  specimen  failed  is  on  the  right.  The  arrow 
representing  the  characteristic  Kjec?/cys  ratio  should  fall 
between  the  end  points  for  a successful^test  to  verify  the 
applicability  of  the  equation.  All  of  the  test  specimens 
except  three  met  this  condition;  in  two  cases  the  specimen 
failed  because  the  Initial  applied  K level  exceeded  the 
Kjgcc/oyg  rat io  due  to  inaccurate  estimates  of  the  crack 
depth.  *The  third  specimen  (a/Q  of  0.3)  maintained  a K/oyg 
above  the  Kiacc/oyj  at  the  initial  load  but  failed  at  the 
first  load  increment.  Since  the  differences  in  applied 
stress  and  K/ays  were  small,  and  since  another  gpecimen  of 
nearly  the  same  Kigcc/cyg  and  a/Q  failed  as  predicted,  this 
result  is  not  considered  anomalous. 

Results  for  4340  steel  and  for  titanium  ore  presented 
in  Figs.  A24  and  A25,  respectively.  The  4340  steel  was 
included  to  get  a combination  of  fcigh-strength  and  low 
Kjgce  values.  Both  tests  wore  at  low  relative  stress  levels, 
one  specimen  having  a small  flaw  and  the  ether  having  a 
large  flaw.  Both  of  the  tests  were  considered  to  verify  the 
applicability  of  the  surface  flaw  equation.  The  titanium 
results  of  Fig.  A25  were  not  a part  of  the  DLF  investigation 
but  are  included  to  indicate  the  completeness  of  the  ver- 
ification effort.  The  two  points  at  Xrgcc/'jv„  - 0.3  are 
for  alloy  Ti-7Al-2Cb-lTa,  which  is  very  sensitive  to  SCC; 
both  of  these  gave  very  good  confirmation  of  the  equation. 

The  point  at  KgC/avs  ratio  1.59  /cm  (1,0  /In.)  is  for  alloy 
Tl-6Al-2Cb-lTa-IlferIn  50. 8 cm  (2-in.)  thick  section;  this 
alloy  appeared  to  be  immune  to  SCC  from  both  cantilever  and 
surface-flawed  panel  tests.  However,  the  surface  flaw 
equation  gave  very  good  correlation  with  cantilever-bend 
predictions,  even  though  the  thickness  of  the  specimens  in 
both  tests  was  not  large  enough  to  satisfy  plane-strain 
requirements. 

To  show  the  agreement  of  test  results  from  cant) lever- 
bend  tests  and  surface-cracked  tensile  panel  tests,  the 
data  are  plotted  as  one  vs.  the  other  in  Fig.  A26.  As  with 
the  preceding  plots,  the  length  of  the  bar  connecting  "no- 
growth"  and  "growth"  points  indicated  the  applied  Kj/oyg 
ratio  in  the  surface-flawed  specimen  tests.  The  intersection 
of  the  1:1  correspondence  line  with  the  bar  is  the  Kjsoc/c!yg 
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value  for  the  particular  material;  the  "growth"  point  should 
therefore  fall  on  the  line  or  to  the  right  of  it  to  verify 
the  surface  flaw  equation,  as  was  the  case  for  all  tests, 

A summary  of  the  test  data  is  shown  in  Fig.  A27  to 
illustrate  the  areas  of  the  crack-depth-ratio  chart  that 
have  been  verified  for  engineering  use  in  predicting  initia- 
tion of  SCC  crack  growth.  The  verification  is  reasonably 
complete  for  the  entire  diagram;  the  most  obvious  data  voids 
are  at  the  combination  of  large  crack  sizes  and  KjgCC/a„_ 
values  in  the  range  of  0.64-1,27  /cm  (0.4-0. 8 /Tn.7  andyat 
stress  levels  in  the  range  of  1.27-1.59  /cm  (0. 8-1.0  /In,) 
for  all  crack  sizes  and  Kjscc/oys  values.  Some  of  these 
combinations  are  expected  to  be'coverod  in  future  work. 

SUMMARY 

The  primary  objective  of  this  effort  was  to  develop 
test  methods  and  engineering  analysis  procedures  to  describe 
the  fracture  resistance  levels  that  are  of  interest  for 
construction  of  the  future  fleet  of  fast  craft  and  ships . 
Such  craft  are  expected  to  be  highly  sensitive  to  the  weight 
of  basic  components  and  therefore  will  utilize  high-strength 
materials,  which  will  cause  an  increased  sensitivity  to 
fracture.  In  developing  an  understanding  of  the  fracture 
process  in  thln-section  materials,  an  attempt  was  made  to 
characterize  a group  of  mettle  representing  the  range  of 
current  commercial  alloys  as  well  as  some  exotic  materials 
for  specialized  applications. 


These  objectives  were  met  by  the  development  of  test 
methods  based  on  the  Dynamic  Tear  test,  using  a technique 
of  laminating  specimens  and  application  of  an  equation 
relating  specimen  dimensions  and  total  energy  to  a parameter 
Rp  - which  is  descriptive  of  the  inherent  resistance  of  a 
material  to  fraevere  extension.  Much  of  the  experimental 
program  was  devoted  to  demonstrating  the  validity  of  the 
equation,  which  had  been  derived  in  earlier  studies  of  thick- 
section  materials,  to  the  thinner,  high-strength  materials. 
An  additional  experimental  effort  was  given  to  demonstrating 
that  the  Bp  values  could  be  projected  to  assess  structural 
performance  in  a general  fashion  through  the  use  of  Ratio 
Analysis  Diagram  procedures.  It  was  noted  that  the  minimum 
acceptable  level  of  fracture  resistance  for  Navy  ship  str'uc- 
tures  and  components  is  non-brittle,  or  plastic  fracture. 
Finally,  the  test  methods  and  analysis  procedures  were  used 
to  characterize  the  behavior  of  several  steels,  aluminum 
alloys,  and  titanium  alloys  of  potential  interest  for  future 
fast  craft  and  ships.  Included  in  this  survey  were  samples 
of  laser  welds  in  several  of  the  project  materials,  with 
the  caveat  that  the  laser  welding  technology  has  not  matured 
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TABLE  A2.  PROPERTIES  OF  THIK-SECTIOIf  METALLIC  MATERIALS  FOR  FAST 
CRAFT  AHD  SHIP  APPLICATIONS 
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Strength 
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1.27  , 500 
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Titanium 
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.254  .100 
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.318  .125 
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.478  .188 
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1.270  .500 
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, - 
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150.7 

»Coa—rcl»l  Parity  (oxygaa  eoat#*t  X'.IW) 
tlxtrx  lo*  Intxrxtltlrl  (oxyr»m  costent  <0.13f) 


TABLE  A3A.  MECHANICAL  PROPERTIES  OP  LASER  WELDS 
(International  Bnita) 
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APPENDIX  A- 


H-'iO-l  " " ” Slightly  irregular  and  discolored  bea< 

start-stop  defects,  x-ray  distributed 
porosity,  some  clear  zones 


leaser  Weld  Speed 
Plate  Material  Power.  kW  ipm 


laser  Weld  Speed 


denotes  dual  pass  weld 


PREDICTED  ENERGY  (FT-LB) 
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TITANIUM  ALLOYS 


nit.  A7  — iUtio  Analysis  Diagram  format  for  high-strength  metala.  (Conversion 
factors:  lftib*  1.366  Nm,  1 k*V/JnT  - 1.039  MPav/m,  1 ksi  - 6.896  MPa.) 


(Conversion  factor*; 


iWHt 


<K  ^ OM*** 


(o/2C=  0.25) 


(a/ 20=0.25) 


Fig.  A26  — Comparing  result*  of  ecpertnenU  with  canttJever-btaid  and  PTC 
specimen*  on  the  bad*  of  the  Kj  lan  ratio.  to  the  point  of  intersection 
of  the  1:1  line  with  the  bar  joining  “no-grow*:"  and  “grorrth”  conditions. 
(Convertion  factors:  1 kaly/57  * 1.099 


CRITICAL 
FLAW  DEPTH 
‘.INCHES) 


RATIO  j=L  <IN.)? 


Fig.  A27  - - SummKy  plot  showing  legions  of  flaw-size  diagram  that  have  been 
verified  for  predicting  onaet  01  SCC  crack  growth.  (Ccr.vervion  factors:  l-v/ST 
“ l.&94^/cm,  1 in.  « 2.5  »-j.) 
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B.  Fracture  Machanics  Technology/Fatigue  Criteria 
T.  W.  Crooker 

High-performance  surface  ship  structures  involve  the 
use  of  materials  under  circumstances  which  incur  a serious 
risk  of  fatigue  damage:  high  strength- to-density  alloys, 

complex  structural  configurations,  cost-conscious  fabrication, 
highly  aggressive  service  environments  and  repeated  loading 
stresses  generated  by  unavoidable  structure /environment 
force  interactions.  Hetal  fatigue  will  pose  a long-term 
threat  to  the  integrity  and  reliability  of  these  structures 
and  thus  demands  careful  consideration  from  the  earliest 
design  concept  stages  through  the  development  of  life-cycle 
operation  and  maintenance  criteria.  The  establishment  of 
fatigue  design  criteria  and  the  selection  of  materials  within 
the  framework  of  such  criteria  will  play  a vital  role  in 
preventing  fatigue  failures  in  high-performance  ship  struc- 
tures. A pioneer  effort  in  pursuit  of  these  goals  is 
currently  underway  for  the  PHM  strut/foil  structure  system 
using,  in  part,  data  generated  under  this  program.  This 
section  presents  the  results  of  a broad  range  of  fatigue  and 
corrosion-fatigue  studies  conducted  to  develop  the  fatigue 
technology  base  for  a selection  of  candidate  alloys  for  high- 
performance  ship  applications . 

BACKGROUND 


Xork  aimed  at  establishing  a rational  means  of  dealing 
with  fatigue  crack  propagation  began  in  the  aircraft  industry 
during  the  1950’s,  in  response  to  the  widely  publicized 
British  Comet  aircraft  failures  plus  other  lesser  known 
instances  of  aircraft  structural  fatigue.  A 1960  conference 
on  the  problem  in  Cranfield,  England  revealed  a significant 
amount  of  research  had  been  initiated,  but  no  common  analyt- 
ical basis  had  yet  emerged  (Bi).  However , in  a highly 
significant  paper  published  in  1963  (B2> , Paris  and  Krdogaa 
proposed  that  the  fracture  mechanics  crack-tip  stress-intensity 
factor  (K)  could  successfully  serve  as  the  primary  variable 
in  describing  fatigue  crack  growth  rats  (da/dN) . This  widely 
heeded  paper  still  continues  to  both  stimulate  and  focus 
fatigue  technology. 

Once  the  basic  engineering  approach  to  fatigue  crack 
propagation  using  fracture  mechanics  began  to  evolve,  the 
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extension  of  these  studies  Into  the  realm  of  oorrcelcn-fstigue 
began  to  occur.  Early  studies  of  corrosion-fatigue  using 
fracture-raechanica-type  precracked  specimens  began  in  the 
mid-1960'3,  and  by  1971  a significant  portion  of  a major 
symposium  on  corrosion-fatiguo  was  devoted  to  fracture 
mechanics  oriented  crack  propagation  studies  (33). 

Since  1971,  major  developments  have  occurred  in  the 
application  of  fatigue  crack  propagation  technology,  formal- 
ized requirements  for  the  use  of  crack  growth  rate  data  in 
materials  selection  and  in  structural  design  have  bean 
instituted  or  are  being  contemplated  by  several  influential 
organizations.  The  U.C.  Air  force  presently  requires  that 
the  structural  integrity  of  airplanes  b©  demonstrated  through 
the  implementation  of  fatigue  and  fracture  control  plans 
which  utilize  fatigue  crack  propagation  analyses  (04) . The 
U.S.  Navy  is  currently  developing  a similar  approach  towards 
the  design  of  high-performance  surface  ships  (85) . 

The  studies  performed  under  this  program  were  intended 
to  further  develop  the  fracture  mechanics  technology  base 
necessary  for  implementation  of  modern  structural  integrity 
concepts.  Data  generated  under  this  program  have  been 
utilized  in  the  fatigue  design  criteria  for  the  ?HK  17-4  PS 
strut/foil  system  by  the  Boeing  Company  and  also  in  the 
structural  integrity  plan  for  the  PEK  H7-130  strut/foil 
system  by  the  Grumman  Aerospace  Corporation. 

FATIGUE  CRACK  PROPAGATION  CHARACTERISTICS  0?  17-4  PH  STEELS 


High-strength  precipitation  hardening  (PH)  stainless 
steels  are  among  the  candidate  aaterials  for  application  in 
new  high-performance  surface  ships.  Such  sophisticated 
applications  will  require  a far  more  comprehensive  knowledge 
of  the  mechanical  characteristics  of  these  materials  than 
presently  exists.  The  study  reported  here  was  undertaken 
to  develop  basic  engineering  information  on  the  cyclic  crack- 
growth  behavior  of  17-4  PH  stainless  steels.  The  17-4  family 
of  PH  stainless  steels  represents  a highly  complex  and 
incompletely  understood  alloy  system.  The  mechanical  prop- 
erties of  17-4  PH  steels  can  vary  widely,  depending  upon 
processing  and  heat  treatment  (BS,B7).  This  investigation 
resulted  in  data  on  and  interpretation  of  cyclic  crack 
growth  in  samples  of  17-4  PH  steels  of  Interest  for  potential 
application  ia  naval  structures.  Both  macroscopic  fract-  re- 
stschaalcs  cyclic  crack-growth  test  results  and  microscopic 
electron  fractography  interpretations  are  presented. 

Description  of  Materials 

Two  12.7  ssa  (0.50  in.) -thick  rolled  plates  of  17-4  PH 
stainless  steel  were  studied,  a vacuus- melted  (VK)  sample  in 
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the  H1050  condition  and  an  argon-oxygon  melted  (AQH)  ssapla 
in  the  H10S0  and  K1150  conditions,  Chemical  compositions  of 
the  two  plates  are  given  in  Table  Bl.  Rough-cut  specimen 
blanks  were  solution  treated  at  1038‘‘C  (1900°?)  for  1 hr.  in 
an  argon  atmosphere,  followed  by  fta  oil  quench.  »iehined 
specimens  were  then  aged  in  aa  air  ataosphere  at  either 
S66  or  621°C  (1050  or  U50°F)  for  4 hrs.,  followed  by  air 
cooling.  Mechanical  proparties  of  the  heat-treated  Materials 
are  shown  in  Table  B2 . 

SxperiBSfttal  Procedures 

Fatigue  crack  growth  rate  (FCGR)  tests  were  conducted 
on  each  of  the  three  Materials  studied.  Single-edge-notch 
(SEN)  tension  specimens  12.1  tea  (0.475  in.)-tfeick,  shown 
sehoaatieally  in  Fig.  Bla,  were  employed  in  the  FCGR  tests. 

Crack  propagation  in  these  spec  line  as  occurred  in  the  T-L 
orientation  (B8) . The  proportions  of  these  specimens  and 
the  stress-intensity  formulation  utilized  in  calculating  &K 
values  were  obtained  from  Ref.  B9.  Fatigue  crack  growth 
rate  tests  were  conducted  on  a closed-loop  fatigue  machine 
in  ambient  laboratory  air  at  a frequency  of  5 Hz.  Observa- 
tions of  crack  length  were  made  optically  at  approximately 
15X  using  a Gaertnor  traveling  microscope.  Specimens  of 
each  material  were  tested  at  various  stress  ratios  (minimus: 
stress-intensity  factor /maximum  stress-intensity  factor  - R) . 

Ratios  of  0.04,  0.40,  0.67,  and  0.80  were  studied.  Duplicate 
specimens  were  tested  in  each  case,  and  all  FCGR  curves  ; 

reported  include  data  from  two  specimens.  One  specimen  yas  > 

first  tested  under  constant  load,  then  a second  specimen  ■ 

was  stop-leaded  with  the  load  increased  incrementally  after 
each  0.25  cm  (0.100  in.)  of  crack  growth.  I 

Tensile  tests  were  conducted  on  0.907  ca  (0.337  in.)  i 

diameter  specimens  taken  from  the  SEN  specimens  following 
FCGR  testing.  Fracture-toughness  values  were  obtained  from  i 

1.59  cm  (5/8-in.)  Dynamic  Tear  specimens,  Fig.  Bib,  tested  ; 

at  ambient  laboratory  temperature  in  accordance  with  : 

Rof.  B10.  | 

Replicas  were  made  to  determine  the  mode  of  cyclic  crack  j 

propagation  across  the  spectrum  of  stress-intensity  ranges  : 

examined.  These  replicas  were  made  fro*  cellulose  acetate  j 

fils?  which  wore  stripped  from  the  fatigue  fracture  surfaces 
(at  the  midthicknes*  positions),  shadowed  with  platinum,  and 
then  deposited  with  a carbon  backing.  Visual  estimates  of 
percentages  of  the  constituent  aicrofracture  modes  were  made 
by  thoroughly  examining  each  replica. 
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The  fracture-mechanics , cyclic  crack  growth  results  are 
presented  in  Fig.  B2a,b,c.  These  are  logarithmic  plots  of 
crack  growth  rate  da/dN  vs.  crack-tip  stress-intensity  factor 
range  aK  for  each  of  the  three  materials  studied.  In  each 
case , the  minimum  aK  values  reported  were  near  11  VP s/a 
(10  ksi/TH.),  and  several  R values  are  included.  Tests  were 
continued  to  the  maximum  stress-intensity  level  at  which 
optical  observation  of  cyclic  crack  growth  eould  be  main- 
tained for  each  combination  of  material  and  stress  ratio 
studied.  Tests  were  terminated  either,  because  of  the 
occurrence  of  fracture , or  because  of  experimental  difficul- 
ties in  monitoring  full-slant  shear-mods  cracks  which  were 
known  to  hive  irregular  crack  front  shapes.  The  significant 
features  of  these  results  are  the  variation  in  da/dN  values 
shown  a a a function  of  material  variables  (processing  and 
heat  treatment)  and  the  varying  sensitivities  to  R,  For  any 
given  set  of  values  Gf  AK  and  R,  da/dH  values  can  vary  by 
as  much  as  a factor  of  five  due  to  metallurgical  effects. 

Also,  for  any  of  the  materials  studied,  da/dN  values  at  any 
lovol  of  AK  can  vary  widely  in  response  to  variations  in  R, 
especially  for  higher  levels  of  AK. 

The  DT  fracture  test  results  aro  plotted  in  Fig.  B3, 
which  is  a modification  of  the  Ratio  Analysis  Diagram  (RAD) 
for  steels  (Bll),  Tills  cumulative  plot  of  fracture  toughness 
vs.  yield  strength  is  useful  la  the  present  work  for  comparing 
the  relative  strengths  and  toughness  values  of  the  three 
materials  studied  to  one  another,  as  well  as  to  the  overall 
range  of  fracture  toughness  values  measured  in  extensive  prior 
testing  of  steels,  The  results  from  the  1.59  cm  (5/8-in.) 
Dynamic  Tear  (DT)  Test  wore  plotted  in  Fig.  B3  using  proce- 
dures outlined  in  Ref.  B12.  It  can  be  seen  that  for  the 
three  materials  studied,  processing  exerts  a greater  influence 
on  toughness  than  does  heat  treatment.  Both  of  the  AOH  mate- 
rials etudied  are  of  low  toughness,  whereas  the  VK  material 
exhibited  significantly  greater  toughness. 

A wide  range  of  fracture  aschsnissss  was  detected  from 
the  fatigue  surfaces  of  the  specimens  axaaiued,  including 
striations  (-ST2) , ssicrovoid  coalescence  (Sfv’C) , and  wicro- 
cleavage  (CUE) , Since  cleavage  is  a particularly  low-energy 
mode  of  crack  extension  and  is  associated  with  poor  resistance 
to  crack  growth,  both  in  fracture  and  in  stress-corrosion 
cracking,  considerable  significance  is  placed  on  its  occur- 
rence under  conditions  of  cyclic  crack  growth.  An  example 
of  sicro-cleavsge  observed  in  the  AOH  H1050  material  ib 
shown  in  a atoreographic  pair  of  electron  fraciographs  in 
Fig.  84.  It  is  worth  noting  that  the  occurrence  of  CUB  was 
virtually  confined  to  the  AOM  H10S0  material  and  its 
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occurrence,  along  with  the  associated  accelerated  crack 
growth  rates,  could  be  suppressed  either  through  processing 
or  heat-treatment  variations. 


DISCUSSION 
Fracture  Results 

The  fracture  results,  which  Indicate  a very  distinct 
beneficial  effect  of  vacuum  melting,  are  in  excellent  agree- 
ment with  the  much  more  extensive  fracture  studies  on  17-4  PH 
steels  conducted  by  Judy  et  al.  (B6).  Beneficial  purity 
effects  on  fracture  toughness  resulting  from  vacuum  melting 
are  well  recognized  in  steels  and  are  the  principal  factor 
ta  determining  metal  quality  "’corridors"  on  the  RAD  (Bll). 

It  should  be  pointed  out  that  the  AOK  material  does  not 
appear  amenable  to  significant  improvement  in  fracture  tough- 
ness through  variation  in  heat  treatment  and  falls  among  the 
least  fracture-resistant  steels  available  at  the  respective 
yield-strength  levels  studied  (B6) . 


yclic  Crack  Growth  Results 


Several  investigations  have  shown  that  cyclic  crack 
growth,  as  measured  in  terms  of  da/dN  values  as  a function 
of  AH,  is  remarkably  invariant  in  a broad  selection  of  steels 
(principally  martensitic),  ranging  in  yield  strength  from 
intermediate  to  ultrahigh  levels  (B13-B15).  Conversely,  other 
investigators  have  shewn  significant  and  systematic  variations 
in  Ca/dN  values  in  similar  types  of  steels  which  can  be 
related  to  aacrorsech&nicaX  properties  or  heat  treatment  (B7, 
B16-B1S) . However,  these  previous  investigations  of  cyclic 
crack  growth  in  steals  have  tended,  for  the  most  part,  to 
limit  the  loading  conditions  to  R values  near  zero  (zero-to- 
tacsion) , and  to  make  relatively  few  fractographic  observa- 
tions as  & means  of  explaining  variations  (or  the  lack 
thereof)  in  behavior.  Thus,  an  incomplete  and  somewhat 
confusing  picture  of  cyclic  crack  growth  behavior  in  high- 
strength  steels  exists. 


Recent  investigations  conducted  in  Great  Britain  have 
begun  to  raaedy  this  void  in  our  knowledge  of  cyclic  crack- 
growth  behavior  of  metallic  materials  (BX9-B23).  The  findings 
of  these  separate  investigations  largely  support  the  observa- 
tions of  this  study  of  17-4  PH  steels. 


The  da/dN  vs.  AS  results  shown  in  Fig.  B2  indicate 
distinct  differences  in  the  cyclic  crack-growth  characteristics 
of  the  three  17-4  PH  steels  studied.  Several  salient  observa- 
tion* are  as  follows:  First,  for  virtually  any  combination 

of  AS  and  R,  the  H1050  VM  material  exhibits  lower  crack  growth 
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rates  than  does  the  H1050  AQH  material . This  can  be  regarded 
as  a beneficial  purity  effect  and  is  in  agreement  with  the 
findings  of  Evans  et  al.  (B19).  Second,  heat  treating  the 
AOM  material  to  the  lower  yield-strength  H1150  temper  signif- 
icantly improves  the  cyclic  crack-growth  resistance  at  the 
low  R value  (0,04),  as  compared  to  the  H1050  AOM  material  at 
the  same  R yalu6,  and  results  in  da/dK  values  comparable  to 
the  VM  material  despite  significant  differences  in  fracture 
toughness  between  the  AOM  H1150  and  VM  H1050  materials.  How- 
ever , at  higher  R values , the  lover  toughness  H1150  AOK 
material  develops  significantly  higher  da/dN  values  than 
does  tbe  H1050  VM  material.  Ibis  finding  is  in  general 
agreement  with  the  results  of  Rack  and  Kalleh  (B7).  Third, 
each  material  exhibits  a significant  dependence  of  da/dN  on 
R,  which  is  most  pronounced  in  the  lower  toughness  materials-, 
and,  tnis  R-f actor  dependence  diminishes  with  decreasing  &X. 

In  fact,  there  is  a tendency  for  convergence  of  nearly  all 
the  curves  at  AK  levels  near  11  MPa/m.  (10  ksi/Tn.) . Those 
observations  agree,  at  least  in  part,  with  the  findings  of 
meet  of  the  British  investigations  cited  in  Refs.  B19-B23. 

In  recent  years,  numerous  FCGR  laws  which  account  for 
stress-ratio  effects  have  been  formulated.  However,  attempts 
to  normalize  each  of  the  sets  of  data  shown  in  Figs.  B2a,b, 
and  c into  a unified  format  were  unsuccessful . Obviously, 
in  a situation  where  metallurgical  factors  exert  such  a 
pronounced  effect  on  cyclic  crack  growth  behavior,  no  single 
law  based  on  continuum  mechanics  principles  will  success- 
fully describe  such  varied  behavior.  Rather,  an  understanding 
of  micro-mechanistic  events  is  necessary. 


Fractographlc  Results 

As  shown  above,  both  the  VM  and  AOK  steels  in  the  H1150 
condition  exhibit  a growth  rate  dependence  on  R,  although 
the  dependence  is  greater  in  the  case  of  tbe  AOK  plate.  And 
for  a given  value  of  P,  the  crack  propagation  rata  is  higher 
for  the  AOK  plate.  Electron  fractography  reveals  that  this 
difference  in  behavior  between  the  two  plates  correlates  ’ 
with  the  propensity  toward  cleavage  as  a mode  of  cyclic 
crack  extension.  For  example,  at  B - 0.04,  the  A0M-H1050 
steel  exhibits  2-5%  CLE  for  AX  levels  from  31.9  to  133  J£Pa/S 
(29  to  121  ksi/Tn.).  At  R - 0.67,  however,  much  sore  CDS 
appears,  viz.,  a constant  level  of  15-20%  for  aX  ranges  of 

16.5  to  38.5  5SPa/»  (IS  to  35  issi/Tn.).  On  the  other  hand, 
the  VK-H1050  steel  exhibits  no  claavage  at  B - 0.04,  over 
the  whole  spectrum  of  AX  levels  examined;  at  R - 0.87,  just 
a trace  of  d&  (1%)  appears  at  aK  levels  from  25. S to 

87. 5 SEPa/m  (23  to  80  ksi/Tn.),  Thus,  the  incidence  of  CLS 
appears  to  coincide  with  the  poorer  crack-grotfth-rate 
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resistance  of  the  AOM  plate.  The  greater  propensity  toward 
cleavage  in  the  AOH  plate  might  be  related  to  the  greater 
percentage  of  6-ferrite  in  the  ssicrostructure, 

When  ACH  steel  was  aged  at  a higher  temperature  to 
obtain  the  H11S0  condition,  cleavage  was  completely  suppressed 
as  a node  of  crack  extension,  for  K • 0.04,  and  the  crack 
growth  rates  were  reduced  significantly  to  levels  leas  than 
or  equal  to  those  for  the  VK  steel  In  the  H1050  condition. 

This  improvement  might  be  ralated  to  the  increased  formation 
of  reverted  austenite  in  going  from  the  H1050  to  the  H1150 
condition  in  the  AGM  steel,  or  to  the  alteration  of  some 
feature  of  the  precipitation-hardening  mechanism,  e.g.,  the 
magnitude  of  the  coherency  strains . For  cyclic  crack  growth 
at  S " 0.67,  a trace  of  CLE  (1-2%)  did  appear  at  all  A K 
levels  examined,  from  18.7  to  51.6  KFa/ra  (17  to  47  ksi/In.), 
Just  as  it  did  in  the  case  of  the  VH  steel  in  the  H1050 
condition. 


While  microcleavage  is  not  imcomaon  as  a mode  of  cyclic 
crack  propagation  in  alloys  of  various  families,  the  nature 
of  its  occurrence  in  the  present  case  is  enigmatic  in  one 
respect,  via.,  that  the  percent  CLE  appears  to  be  independent 
of  At  over  rids  ranges  of  AK.  This  finding  contrasts  with 
that  for  the  HSCO  condition  of  a 17-4  FH  steel  studied  by 
Rack  and  K&lisfc  (B7) , who  reported  that  percent  CLE  increased 
with  AK.  While  it  has  been  reported  for  other  alloys  that 
the  percent  CLE  decreases  with  increased  aK  (B24,B25),  this 
is  the  first  known  instance  where  the  percent  CLE  appears 
independent  of  aK,  for  a given  value  of  P..  Much  further 
work  say  be  required  for  a full  understanding  of  this 
behavior , 


SURMABY  A HD  CONCLUSIONS 

Fatigue  crack  propagation  rates  (ds/dN)  in  ambient 
laboratory  air  have  been  obtained  as  a function  of  stress- 
intensity  factor  range  (aK)  for  an  argon-oxygen  melted  steel 
in  the  E1050  and  E1150  conditions,  and  for  s*  vacuum-malted 
steel  in  the  H1Q5Q  condition.  These  growth  rates  were 
determined  for  stress-intensity  f&etor  ratios  R « 0.04,  0.40, 
0.67,  and  0,30,  Bodes  at  crick  extension  wore  determined  by 
electron  fractography  to  elucidate  differences  in  crack- 
growtU-rate  behavior.  Cleavage  appears  as  a sod*  of  cyclic 
crack  propagation  in  this  family  of  steals,  to  the  detriment 
of  cyclic  crack-growth  resistance.  Xa  particular,  it  was 
found  that: 

(a)  the  amount  of  cleavage  appears  to  be  independent  of 
AK  over  a wide  spectres  of  AK  levels. 


(b)  the  amount  of  cleavage  (as  well  as  the  associated 
cyclic  crack  propagation  rates)  increases  significantly  with 
R. 

(c)  heat  treatment  can  be  adjusted  to  minimize  the 
appearance  of  cleavage, 

(d>  slight  variations  in  alloy  processing  servo  to 
eliminate  cleavage, 

C0BRG3 ION-FATIGUE  CRACK  PROPAGATION  CHARACTERISTICS  OF 


Crack  propagation  in  high-strength  alloys,  caused  by 
the  combined  .forces  of  fatigue  and  corrosion,  represents  a 
potentially  serious  threat  to  the  service  capabilities  of 
high-perfoiTsanca  surface  ship  structures.  The  application 
of  fracture  mechanics  principles  to  fatigue  has  permitted 
researchers  to  study  crack  propagation  under  strictly  defined 
crack  tip  mechanical  conditions  which  duplicate  structural 
service.  Studies  conducted  under  this  program  at  Nile's 
gar  ice  Corrosion  Research  laboratory  located  in  Bey  Fest, 
Florida  have  added  a nsw  degree  of  service  simulation  to 
corrosion- fat Ague  studies  by  conducting  crack  propagation 
tests  in  flowing  natural  seawater.  This  added  degree  of 
service  simulation,  which  is  provided  by  the  natural  marine 
environment,  is  of  particular  importance  in  the  characteriza- 
tion of  new  alloys  being  developed  for  application  in 
critical,  high-performance  structures. 

Description  of  Haterials 

Thu  materials  studied  under  this  phase  of  the  program 
included  the  three  IT-4  PH  steels  described  in  the  previous 
section  plus  5Y-130  steel,  Ti~6Al-2Cb- ITa-O . 8fe>  and  5455-HI16 
aluminum  alloy.  The  tensile  properties  of  these  materials 
aro  given  in  Tables  £2  and  83. 

Experimental  Procedural 

Tests  were  conducted  using  siagle-edge-aotch  (SEN) 
cantilever  specimens,  Details  of  the  tent  specimen  geometry 
are  snewn  in  Fig,  B5.  Fracture  mechanics  stress-intensity 
factors  way®  calculated  using  the  Kies*  equation  (B26),  The 
specimens  were  oriented  with  the  edge  crack  parallel  to  the 
final  rolling  direction,  in  the  4§TS£  designated  T-I*  orienta- 
tion (88). 

Cycling  was  performed  under  constant  ewtisus  load,  zero- 
to- tension.  {8  « 0),  at  frequencies  of  either  10  or  1 epm. 
Unfortunately,  the  ooa  gal  system  of  the  teat  machines  did 
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not  permit  load-tios  waveform  control , as  important  ptcrcoetor 
in  corrooion-fi.?  '.gue  t«;.tlng  (S3i7).  However,  for  comparison 
purposes,  tb*  w^vefoitn  can  be  considered  to  be  approximately 
triangular . ^ 

Fatigue  specimens  were  tested  It.  natural  seawater  at 
the  HKIi  Karine  Corrosion  BOroarch  Laboratory  in  Key  Vest, 
Florida.  Natural  sowstor  *03  t^kon  directly  ^roa  the  cocao 
and  immediately  passed  through  a polyurethane  enclosure  cell, 
placed  around  ins  specimen  test  section,  in  t sit^ie-i'vss 
mode  at  a flow  rat''  of  ca.  200  tl/min.  Toe  ccrroeiou  cel.’, 
had  a plexiglas  viewing"  area  for  osteal  observation  of 
crack  growth,  Heasaremsct  of  the  fatigue-crack  length  vas 
performed  by  3 slide- mounted  optical  oicrisECtcr  foettse^.  ov> 
the  roc*,  surf  act  of  one  aide-groevo  of  the  specimens. 

Electrochemical  potentials  tore  applied  by  means  of  A 
pot.entiosta*  device,  lotentials  were  measured  versa?,  un 
Ag/AgCl  reference  electrode . The  fraoly  corr&diaa  poc-intials 
of  the  various  materials  studios  are  given  in  Tal-Ie 


Results 


The  results  of  this  phaee  of  the  program  are  shorn  in 
Figs.  B6  through  Bli.  These  figures  aro  logarithmic  plots 
of  crack  growth  rate  (da/dN)  vs,  stress-intensity  factor 
range  (nK)  for  the  sir,  materials  included  in  thi3  phase  of 
the  program,  Rash  plot  includes  3 rc f-Atehc-n  cun?  gF'V'rated 
in  a laboratory  a;,  a lent  air  environment  ^relative  humidity 
-50  percent)  plus  data  genoratad  in  flowing  natural  oep-w&ter 
under  freely  corrotivcg  conditions  and  under  varlouo  applied 
electrochemical  potty  iala . All  data  shown  are  for  a 10  epa 
triangular  locd-tiarr  wa»e  form  uu.'eos  otherwise  noted.  Sev- 
eral of  the  air  envihos^ent  reverence  curve*  Include  .timber 
frequency  data  frost  other  jth&ses  of  this  study  or  from 
previous  studies  wl  av  . shown  for  confirmation  purposes . 
Specifically,  the  HST-l?1:  *1t  environment  data  are  reported 
iu  reference  B2S,  and  of  4 no  17-4  PH  air  environwert 

data  are  reported  xr<  ro/orwno o B29  under  anotk&r  phone  of 
this  program.  Ainu,  cnc  curve  Of  potpatievtated  seawater 
data  for  tfce  KY-130  *s.toyl«l  **#  obtminsd  at  a frequency  of 
1 cp®. 


A wide  variety  of  r^ps-foea  to  seawater  and  electro- 
chemical potential  *©"<*  i-otsd  aaossg  the  six  materials . 

(i)  no  effect  of  eitoet-  neaw^tor  «?  potential  (Ti-6Ai- 
2Cb-XTa-0.8K3) 
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<ii)  deleterious  offset  of  seawater  with  no  effect  of 
potential  (vacuut:  .4;.  tied.  17-4  PH  stsol) 


f-B 


ijijeM  >*+*> 


p 


1 


4: 


i 


I- 


i 

i 

i 

t 


! 

| 


| 


tlii)  deleterious  effect  of  seawater  wlt‘>  b~n*ficial 
effect  of  potential  (5456- Hilo  aluminum; 

('vv)  deleterious  effect  of  seawater  with  deleterious 
effect  of  potential  (argon-oxygen  melted  17-4  PH 
steels) 

(v)  deleterious  effect  of  seawator  and  potential  with 
a further  deleterious  effect  of  reduced  cyclic 
fiequency  (HY-130  steel) 

The  magnitudes  of  the  seawater-induced  accelerations  in 
cr<ick  growth  rates  varied  from  negligible  to  an  order  of 
•magnitude,  with  the  greatest  accelerations  tending  to  occur 
under  lower-amplitude  cycling  conditions. 

DISCUSSION 

Tks  highly  varied  effects  of  natural  seawater  and  electro- 
chemical potential  on  fatigue  crack  growth  rates  observed  in 
this  study  have  important  implications  for  the  use  of  tnese 
• aerials  in  high-performance  naval  3hip  structures.  Partic- 
ular emphasis  should  be  placed  on  the  results  obtained  for  j 

Hi'- 130  and  17-4  PH  steels,  owing  to  the  deleterious  naturo 
of  the  effects  observed  and  immediacy  of  these  materials  to  ' 

Kivr  programs.  Specifically,  the  seriously  deleterious 
effects  of  seawater,  electrochemical  potential  and  reduced 
cyclic  frequency  observed  in  these  materials  relate  d-rectly 
to  actual  service  conditions.  Despite  new  developments  in  j 

ccating  systems,  these  materials  do  suffer  direct  contact 
with  seawater.  Blectrocheaical  potentials  of  the  sign  and  • < 

magnitude  included  in  this  study  are  encountered  with  these 
lus'isrials  as  the  result  of  unintentional  coupling  between 
dissimilar  metals  (such  as  steel  foils  and  an  aluminum  hull)  j 

or  ss  the  result  of  the  intentional  use  of  sacrificial  anodes  j 

to  suppress  pitting  and  crevice  corrosion,  hov  cyclic  fre-  ] 

queacy  loading  (-10  to  1 ope)  is  also  encountered  in  the  i 

actual  service  loading  of  these  materials.  The  results  of 
ibis  study  clearly  -ndJcate  each  of  these  factors  to  be  a , 

•potential  problem  srea  la  the  application  of  these,  kigh- 
strength  marine  allcye  to  high-performance  ship  structures.  I 

j 

However,  the  results  obtained  on  the  nonferrous  titanium  ; 

an-l  aluminum  alloys  are  wore  promising.  The  results  for  ’ 

Ti  -BAJ.-2Cb-lT&-0.81Ss  showing  no  effect  of  either  seawater  or  ; 

potential  suggest  that  this  alloy  aay  be  a very  attractive  J 

candidate  material  for  applications  involving  corrosion-  j 

xotigue.  Also,  the  results  for  5456-H116  aluminum  , 'skewing 
only  » modest  deleterious  effect  of  seawater  and  a beneficial  1 

effect  of  potential  suggest  that  electrochemistry  aay  offor 
a seats  of  protecting  this  material  agaient  corrosic'i-fa^igue-  j 
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SUMMARY  AND  COKCLUSIOHS 

<"orros Ion- fatigue  crack  propagation  studies  were 
conducted  on  a selected  group  of  high-strength  marine  alloys 
in  flowing  natural  serwater  at  various  controlled  levels  of 
electrochemical  potential.  The  materials  studied  included: 
HY-1S0  steel , vacuum  melted  17-4  PH  steel  in  the  H1050 
temper , &rgon-oxygen  melted  17-4:  PH  steel  in  the  K1050  and 
111150  tempers,  Ti-6Al-2Cb-lTa-0.8Mo  and  5456-H115  aluminum 
alloy.  The  results  are  presented  in  terms  of  a da/dN-AK 
fracture  mechanics  format.  These  results  have  shown  that: 

(a)  The  corrosion- fatigue  response  of  these  alloys  to 
natural  seawater  and  electrochemical  potential  varies  widely 
dopendii's  upon  the  particular  alloy.  Effects  range  from 
negligi' >.’.o  to  seriously  deleterious. 

vb)  orally , trn,  hign-atrength  stools  (iff- 130  and 
17-4  PH)  currently  commit  to  d.  to  Kavy  programs  are  among  tea 
msart.  seriously  affected  by  corrosion-fatigue. 

(c)  The  nonferrnus  marine  alloys  (Ti-6Al-2Cb-lTa-0  .SHo 
and  5456- H116  aluminum)  exhibited  very  promising  responses 
to  the  condition?)  of  corrosion- fatigue  utilized  in  this 
program. 
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Fig.  B1  — Geometries  of  (a)  SEN  specimen  fat  faUgue-ersekgiowth  study  and  (b) 
6/8-in.  Dynamic  Tear  Teat.  (Conversion  factor:  t in.  “ 2.64  cm.) 
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Fig.  B2  — Fatigue  crack  growth  data  for  (a) 
VM-H1050  steel,  (b)  AOM-H1050  steel,  and 
(c)  AOM-H1150  steel 
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Fracture  textaiacnce  diajpr&m  for  steels.  (Conversion  factors: 
2.64  era,  1 fcMv'In.  “ 1.099  MPay/m,  1 ksi  - 6.89  MPa.) 


—r»v¥-.*rar»  rrmn  n^HT-re 


^cleavage  mode  of  fatigue  crack  growth  in  the  AOM*f  11050  steei. 
SCcreos^opi^  pair  of  replica  electron  fractographs. 
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Fig.  B6  — Cortot  >on-£»tigue  cock  >prawth  data  for  17-4  PH  VStHlOSO  tteel 
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C.  Fracture  Mechanics  Technology /Crack  Growth 

and  Electrochemical  Protection 

Dr.  C.  T.  Fuji! 


INTRODUCTION 

Ships  or  craft  designed  for  high  speed  service,  such 
as  hydrofoils,  will  be  expected  to  perform  reliably  under 
adverse  operating  conditions.  A real  threat  to  reliable 
performance,  however,  is  posed  by  SCC  - i.e.,  the  extension 
of  flaws  in  metals  from  the  combined  effects  of  stress  and 
corrosion.  The  deleterious  synergistic  effects  of  tensile 
stress  and  the  corrosive  ocean  environment  on  structural 
alloys  generally  tend  to  progressively  worsen  with  increasing 
yield  strength.  Inadequate  background  experience  in  the  use 
of  modern  high  strength  alloys  in  thickness/strength  level 
combinations  under  hostile  marine  conditions  such  as  for 
FCS  applications  severely  restricts  attempts  to  define  safe 
operational  limits  for  such  advanced  structures.  The  SCC 
behavior  of  candidate  alloys  for  FCS  construction  needs  to 
be  more  adequately  established  to  effectively  guide  material 
selection,  design,  and  fabrication  procedures,  as  well  as 
aid  development  of  electrochemical  protection  technology. 

The  effects  of  electrochemical  potential  on  the  SCC 
behavior  of  most  alloys  are  particularly  pertinent  for  naval 
applications.  Increased  cathodic  potentials  may  cause  crack 
growth  at  lower  values  of  Ktscc  than  under  freely  corroding 
conditions,  and  the  magnitude  of  the  effect  can  be  expected 
to  vary  with  alloy  systems.  Cathodic  protection  systems 
while  minimizing  corrosion  can  simultaneously  cause  increased 
absorption  of  hydrogen  at  the  crack-tip  which  results  in  an 
Increased  SCC  sensitivity  of  the  alloy.  Thus,  electrochemical 
effects  need  to  be  defined  accurately  to  prescribe  effective 
cathodic  protection  systems  for  new  high  strength  alloys 
without  significantly  loverly  the  SCC  resistance  as  well  as 
to  provide  a capability  for  predicting  behavior  of  galvan- 
ically coupled  dissimilar  alloys  as  might  occur  in  actual 
naval  structures. 

OBJECTIVE 

The  objective  of  this  subtask  was  to  determine  the  effect 
of  electrochemical  factors  on  the  SCC  properties  of  leading 


! 

! 

i 

i 

f 


i 


C-l 


candidate  alloys  f or  fast  craft  and  ships  (FCS)  applications. 
The  emphasis  was  on  characterizing  the  SCC  behavior  of  thin- 
plate  materials  - one  inch  or  less  - utilizing  precracked 
specimens  which  were  tested  in  3.5%  NaCl  solution  under 
freely-corroding  and  electrochemlcally  coupled  (cathodically 
protected)  conditions.  Included  in  the  SCC  studies  were 
several  steels,  titanium  alloys,  and  marine  aluminum  alloys. 

SCC  TEST  METHOD 

The  cantilever  test  method  employing  single-edge-notch 
(SEN)  fatigue-precracked  specimens  was  used  to  determine  the 
threshold  stress -intensity  factor  for  3CC  (Kiscc)  of  selected 
steels  and  titanium  alloys.  The  corrodent,  3.5%  NaCl  solu- 
tion, was  contained  in  a polyethylene  reservoir  around  the 
crack  and  changed  dally  during  the  experiment.  Tests  were 
conducted  for  the  freely  corroding  condition  of  the  specimen 
and  for  different  cathodically  polarized  conditions  by 
galvanic  coupling  to  appropriate  anode  materials.  The 
electrochemical  potentials  of  the  specimens  were  measured 
against  an  Ag/AgCl  reference  electrode.  A step-load  proce- 
dure was  followed  to  determine  Kiscc  values  for  steel 
specimens;  a single-load-failure  criterion  was  adopted  to 
establish  the  SCC  thresholds  for  the  titanium  alloy  specimens. 
At  the  conclusion  of  each  test,  the  fracture  surfaces  of  the 
specimens  were  examined  for  confirming  evidences  of  SCC. 

ACCOMPLISHMENTS 

17-4  PH  Steel 


An  extensive  characterization  of  the  SCC  behavior  of 
17-4  PH  steel  emphasizing  the  effects  of  tempering  procedures, 
plate  thicknesses,  and  electrochemical  potentials  has  been 
completed.  The  data  from  cantilever  bend  tests  are  sum- 
marized in  Tables  Cl  and  C2,  and  graphically  compared  in 
Figures  Cl  and  C2.  The  results  show  that: 

• Increasing  yield  strength  decreases  the  SCC  resistance 
of  the  alloy. 

• Increasing  cathodic  polarization  decreases  SCC  resist- 
ance of  the  alloy. 

• Metallurgically  overaging  improves  the  SCC  resistance 
and  flaw  tolerance  of  the  alloy. 

• The  specimen  thickness  required  for  determining 
thickness-independent  KigCC  for  17-4  PH  steel  is  considerably 
less  than  required  for  a standard  K;c  test. 


17-4  PH  GMA  Weldment 


The  SCC  properties  of  a 17-4  PH  GMA  weldment  were 
determined,  and  the  results  are  summarized  In  Table  C3. 
Comparison  of  the  SCC  behavior  of  the  base  and  weld  metals 
showed  matching  properties  under  cathodlcally  polarized 
conditions  but  a measurable  decrease  of  approximately  25% 
in  SCC  resistance  for  the  weld  metal  under  freely  corroding 
conditions . 

Details  of  the  SCC  properties  of  17-4  PH  steel  and  GMA 
weld  metal  are  documented  in  the  publications  on  these  mate- 
rials listed  in  the  Bibliography. 

15-5  PH  Steel 

The  SCC  behavior  of  precracked  specimens  from  thin- 
plate  15-5  PH  steel  were  determined;  and  the  Kjscc  data  for 
6.4  mm  (0.25  in.),  12.7  mm  (0.50  in.),  and  25.fmm  (1.00  in.) 
thick  plates  for  the  E1050  temper  are  given  in  Table  C4. 
Results  are  similar  and  comparable  to  those  noted  above  for 
17-4  PH  steel . 

Hf-130  Steel 

The  SCC  properties  of  two  different  heats  of  HV-130  steel 
in  25.4  mm- thick  (1  inch-thick)  plate  form  were  determined 
in  3.5%  NaCl  solution  in  the  freely  corroding  and  electro- 
chemically  coupled  conditions , Table  C5  summarizes  the 
results  obtained.  The  material  has  relatively  high  SCC 
resistance  under  freely  corroding  and  limited  applied 
cathodic  potentials  (coupled  to  5086  Al) . At  higher  cathodic 
potentials,  there  is  a significant  decrease  in  SCC  resist- 
ance. Details  of  the  SCC  experiments  of  this  material  are 
given  in  Report  of  NRL  Progress  of  November  1973  (see 
Bibliography) . 

Titanium  Alloys 


Four  titanium  alloys,  each  in  two  plate  thicknesses, 
were  characterized  under  freely  corroding  and  zinc-coupled 
conditions . The  alloys  were  T1-6A1-4V  (CP  grade) , T1-6A1-4V 
(ELI  grade),  Ti-6Al-6V-2Sn,  and  Ti-6Al-2Nb-lTa-0.8Ho.  The 
results  of  the  SCC  tests  are  summarized  in  Table  C6.  All  of 
these  alloys  exhibited  some  degree  of  susceptibility  to  SCC, 
but  their  SCC  resistance  in  salt  water  is  relatively  good 
in  comparison  to  other  titanium  alloys  (such  as  Ti-7-2-1  and 
Ti-8^1-1).  There  appears  to  be  an  effect  of  specimen  thick- 
ness, B,  on  the  measured  Kiscc  values.  Higher  threshold 
K-values  were  observed  for  6.4  mm  (0,25  in.)  than  12.7  mm 
(0.50  in.)  specimens  for  three  of  the  alloys  which  suggests 
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lack  of  crack-tip  mechanical  constraint  in  6.4  mm  (0.25  in.) 
specimens . Metallurgical  and  yield  strength  differences 
between  6.4  mm  (0.25  in.)  and  12.7  mm  (0.50  in.)  plates  may 
also  have  contributed  to  the  observed  behavior  and  perhaps 
partially  explain  the  performance  of  the  Ti-6Al-6V-2Sn  alloy. 
One  notable  difference  between  the  SCO  behavior  of  titanium 
alloys  and  high  strength  steels  is  the  relative  insensitivity 
of  titanium  alloys  to  applied  cathodic  potentials  as  shown 
by  comparison  of  the  freely  corroding  and  Zn-coupled  data  in 
Table  C6. 

Aluminum-Magnesium  Alloys 

The  SCC  behavior  of  two  Alcoa  Al-Mg  alloys  - a commercial 
alloy,  5456-H117,  and  an  experimental  alloy,  N-H117,  was 
determined  in  the  as-received  and  aged  conditions  for  suscep- 
tibility to  cracking  in  3.5  percent  NaCl  solution  utilizing 
double  cantilever  beam  specimens  machined  from  1-in. -thick 
plates  of  the  two  alloys.  The  chemical  composition  of  the 
alloys  and  the  results  of  the  SCC  tests  are  given  in  Tables  C7 
and  C8,  respectively.  The  results  show  that  the  as-received 
specimens  were  insensitive  to  SCC  in  these  tests  with  the 
exception  of  one  N-H117  specimen.  All  of  the  aged  specimens 
of  both  alloys  were  susceptible  to  SCC.  As  expected,  there 
is  a pronounced  tendency  to  favor  SCC  in  the  SL  orientation. 

SUMMARY  DISCUSSION 

The  work  which  has  been  completed  has  defined  the  SCC 
properties  of  thin  plates  of  several  materials  which  are 
presently  prime  candidates  for  FCS  application.  These  mate- 
rials include  two  high-strength  stainless  steels,  a quenched- 
and- tempered  steel,  several  titanium  alloys,  and  two  aluminum 
alloys.  The  SCC  data  obtained  for  these  alloys  are  some  of 
the  most  extensive  for  any  thin-platc  material  obtained  to 
date.  All  of  the  high-strength  alloys  studied  were  suscep- 
tible to  a limited  degree  to  SCC.  The  variation  in  SCC 
resistance  was  shown  to  be  influenced  by  yield  strength, 
electrochemical  potential,  and  metallurgical  variables.  The 
relative  Influence  of  each  factor  varied  with  alloy  system 
and  can  be  qualitatively  described  as  follows: 

• Steels  - increasing  yield  strength  and  increasing 
negative  potentials  decreased.  SCC  resistance. 

• Titanium  alloys  - increasing  yield  strength  generally 
decreased  SCC  reslstanco,  but  the  freely-corroding  SCC  prop- 
erties were  not  affected  by  an  applied  negative  potential. 

• Aluminum  alloys  - overaging  high-magnesium  marine 
aluminum  alloys  decreases  SCC  resistance.  The  SCC  properties 
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of  wrought  aluminum  alloys  are  highly  orientation  dependent 
and  are  minimal  in  the  short- transverse  direction. 

The  tabulated  data  for  these  three  types  of  materials 
offer  a more  quantitative  basis  for  comparisons  of  the  effects 
of  temper,  potential,  plate  thickness,  and  alloy  system  on 
the  SCC  properties  in  a saline  environment.  For  engineering 
or  structural  applications , the  comparison  of  SCC  properties 
is  facilitated  by  a graphical  summary  of  valid  data  in  the 
format  of  a Ratio  Analysis  Diagram  (RAD) . Figure  C3  is  a 
RAD  for  SCC  of  steels  in  laboratory  salt  water  (approximately 
3.5  percent  NaCl  solution)  where  the  ordinate  is  the  critical 
stress-intensity  factor  for  SCC,  Kiscc  i an<*  the  abscissa  is 
the  yield  strength,  ay,  of  the  steel.  For  purposes  of  dis- 
cussing the  significance  and  utility  of  the  Kt»co  data  of  a 
given  alloy,  17-4  PH  results  are  included  in  Fig.  C3.  The 
SCC  envelope,  the  shaded  region,  was  constructed  using  most 
of  the  available  SCC  data  determined  for  a wide  variety  of 
steels  by  several  laboratories.  Visual  confirmation  of 
crack  growth  was  imposed  as  a requirement  before  the  Kiscc 
data  were  included  to  define  the  boundary  limits  of  the 
envelope.  The  older  forging  grade  steels  would  be  repre- 
sentative of  material  in  the  lower  regions  of  the  envelope. 

The  nower  weldable  steels  of  improved  quality  would  generally 
fall  in  the  higher  range  of  the  envelope.  The  system  of 
constant  KigCC/Oy  ratio  lines  divides  the  diagram  into  three 
ratio  zones  - high,  intermediate,  and  low.  These  zones  may 
also  be  regarded  as  levels  of  resistance  to  SCC.  The  transi- 
tion from  high  to  intermediate  and  low  SCC  resistance  is 
relatively  sharp  as  indicated  by  the  general  slope  of  the 
envelope.  For  specimens  with  sufficient  mechanical  constraint 
to  assure  applicability  of  linear  elastic  fracture  mechanics, 
the  ratios  are  directly  relatable  to  critical  flaw  sizes  for 
SCC  and  are  most  useful  for  predicting  structural  performance 
when  applied  in  this  context.  The  SCC  problem  is  much  less 
severe  for  high  ratio  than  low  ratio  material  because  of  its 
inherently  higher  flaw  tolerance.  Thus,  under  constant 
applied  stresB  conditions , high  ratio  material  will  tolerate 
larger  preexisting  cracks  before  succumbing  to  SCC.  The 
17-4  PH  data  in  Fig.  C3  show  that  for  the  freely-corroding 
condition  this  alloy  has  relatively  "high"  SCC  resistance 
at  yield  strengths  below  approximately  1034  MPa  (150  ksi) 
and  an  "intermediate”  level  of  SCC  resistance  at  higher 
yield  strengths.  Cathodic  polarization  of  the  specimen  to 
the  zinc  potential  (-1.0V  vs.  Ag/AgCl)  reduces  the  SCC 
resistance  to  "intermediate"  and  "low”  levels  for  the  indi- 
cated yield  strength  range  of  827  to  1241  MPa  (120  to 
ISO  ksi).  The  advantages  of  low  yield  strength  and  the 
disadvantages  of  Zn-coupllng  on  the  SCC  properties  of  17-4  PH 
steel  in  comparison  to  other  commercial  steels  are  thus 
clearly  evident  in  Fig.  C3. 
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Kisec  data  for  other  alloy  systems  may  similarly  be 
displayed  in  the  format  of  RAD's  for  purposes  of  rating  the 
SCC  behavior  of  alloys. 
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CHEMICAL  ANALYSIS  OF  ALLOYS 


STRESS  INTENSITY  FACTOR,  KIscc(lttl  \Aneh) 
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STRESS  INTENSITY  FACTOR,  K,  (MPa  \/mttef) 


C3  — Ratio  Analysis  Diagram  for  SCC  of  steels  with 
ratio  zoning  and  superposition  of  17-4  FH  data 


0.  Advanced  Coapcsitea 

Or.  J.  V.  Gauche!  and  Hiss  A.  M.  Sullivan 

SUMMARY 

The  use  of  composites  in  "weight  critical"  Naval 
vehicles  such  as  the  patrol  craft  hydrofoil  is  dependent  on 
the  development  of  reliability  data  for  the  failure  of  these 
materials  in  a marine  environment.  The  recent  recognition 
of  fiber-reinforced  composites  as  a new  and  valuable  class 
of  structural  materials  is  not  yet  supported  by  a broad  base 
of  reliability  data  such  as  has  been  accumulated  on  wood, 
steel,  aluminum,  etc.  over  a period  of  many  years.  For  the 
most  part  the  data  which  exists  has  been  derived  from  short- 
term laboratory  tests  and  sheds  only  a little  light  on  the 
long-term  response  of  the  composites  to  stress  in  a marine 
environment . 

The  principal  accomplishment  of  this  subtask  has  been 
to  determine  the  effect  of  long-term  exposure  to  water  on 
the  basic  fiber-controlled  properties  of  tensile  strength, 
tensile  modulus,  and  fracture  toughness  of  model  graphite- 
reinforced  epoxy  resin  matrix  composites  systems.  While 
this  study  has  shown  that  graphite-epoxy  composites  are 
extremely  stable  in  a marine  environment,  it  has  also  deter- 
mined that  they  are  brittle  materials  sensitive  to  crack 
propagation.  It  has  also  demonstrated  that  the  level  of 
quality  control  in  the  processing  of  these  materials  must 
be  Improved  before  reproducible  design  data  on  the  effects 
of  matrix  and  fiber  composition  can  be  obtained. 

ACCOMJli  I3HMKHTS 

The  major  achievements  of  this  subtask  were  to  monitor 
the  degradation  caused  by  long-term  exposure  to  water  of  the 
tensile  strer^th,  tensile  modulus,  and  fracture  energy  of 
graphite  fiber-reinforced  epoacy  matrix  composites,  to  evaluate 
the  effect  of  laminate  geometry  on  this  degradation,  to 
examine  the  feasibility  of  using  linear  elastic  fracture 
mechanics  (LEFM)  as  a measure  of  the  resistance  of  composite 
materials  to  fast,  crack  growth','  and  to  determine  the  role 
of.  fabrication  in  the  variability  of  the’  mechanical  properties 
of  composite  systems. 


it  has  been  shown  (D1,D2)  that  the  brittle  nature  of  these 
materials  allows  use  of  LEFH  as  a model  for  their  failure. 
Values  for  the  notch  sensitivity,  Xq,  of  double  notched 
tensile  specimens  of  each  system  investigated  were  evaluated 
as  a function  of  relative  crack  length.  The  results  indi- 
cated that  over  a range  of  relative  crack  length  from  0.2  to 
0.6  the  notch  sensitivity  was  independent  of  crack  length 
(Figure  Dl) . The  results  suggest  that  LEFM  may  he  a useful 
method  for  comparing  the  resistance  of  both  composites  and 
metallic  systems  to  fast  crack  growth  (Figure  D2). 

Fabrication-induced  variability  in  composite  materials 
is  introduced  through  differences  in  fabrication  techniques 
from  fabricator  to  fabricator  and  by  differences  in  the  time- 
temperature  history  of  the  starting  prepreg  materials 
(Tables  D7  and  D8) . During  the  course  of  this  investigation, 
the  variability  induced  by  fabrication  masked  any  effect  of 
compositional  parameters  on  the  measured  physical  properties. 
This  observed  variability  caused  a reevaluation  of  the  fab- 
rication techniques  required  to  manufacture  a reproducible 
laminate.  A laboratory  vacuum-release  method  developed 
previously  (D3)  for  making  void-free  adhesive  bonds  was 
modified  for  uso  with  a composite  system.  While  this  tech- 
nique is  not  feasible  for  the  manufacture  of  large  components, 
it  did  demonstrate  that  void-free  composites  could  be 
produced. 

An  exploratory  investigation  was  undertaken  to  assess 
the  suitability  of  the  fracture  mechanics  parameter  Kc  for 
determining  the  fracture  resistance  of  fiber-reinforced 
metal-matrix  composite  materials.  In  linear  elastic  fracture 
mechanics,  Kc  applies  to  thin-sheet  material  essentially 
under  conditions  of  plane  stress  where  small  amount  of  crack 
growth  occurs  prior  to  Instability  and  final  separation. 

The  natter  of  concern  was  whether  the  inhomogeosous  nature 
of  metal-matrix  composites  was  sufficient  to  invalidate  the 
use  of  traditional  methods  which  were  derived  for  homogeneous 
metals.  The  investigations  revealed  that  the  inability  to 
predict  failure  mechanisms,  which  were  different  in  metal- 
matrix  composites  than  high-strength  metals,  and  the  variation 
of  elastic  modulus  as  a function  of  orientation  of  test 
specimens  with  respect  to  fiber  direction  were  the  major 
problem  areas  in  conducting  experimental  work  with  these 
composites.  Because  of  this,  it  was  concluded  that  fracture 
resistance  as  measured  by  Kj.  is  unlikely  to  provide  reliable 
characterization  for  metal-matrix  composite  materials. 

DiSCPSSIOK 

The  composites  industry  continues  to  produce  new  mate- 
rials that  show  potential  as  components  in  high  performance 
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it  has  been  shown  (D1,D2)  that  the  brittle  nature  of  these 
materials  allows  use  of  LEFH  as  a model  for  their  failure. 
Values  for  the  notch  sensitivity,  Xq,  of  double  notched 
tensile  specimens  of  each  system  investigated  were  evaluated 
as  a function  of  relative  crack  length.  The  results  indi- 
cated that  over  a range  of  relative  crack  length  from  0.2  to 
0.6  the  notch  sensitivity  was  independent  of  crack  length 
(Figure  Dl) . The  results  suggest  that  LEFM  may  he  a useful 
method  for  comparing  the  resistance  of  both  composites  and 
metallic  systems  to  fast  crack  growth  (Figure  D2). 

Fabrication-induced  variability  in  composite  materials 
is  introduced  through  differences  in  fabrication  techniques 
from  fabricator  to  fabricator  and  by  differences  in  the  time- 
temperature  history  of  the  starting  prepreg  materials 
(Tables  D7  and  D8) . During  the  course  of  this  investigation, 
the  variability  induced  by  fabrication  masked  any  effect  of 
compositional  parameters  on  the  measured  physical  properties. 
This  observed  variability  caused  a reevaluation  of  the  fab- 
rication techniques  required  to  manufacture  a reproducible 
laminate.  A laboratory  vacuum-release  method  developed 
previously  (D3)  for  making  void-free  adhesive  bonds  was 
modified  for  uso  with  a composite  system.  While  this  tech- 
nique is  not  feasible  for  the  manufacture  of  large  components, 
it  did  demonstrate  that  void-free  composites  could  be 
produced. 

An  exploratory  investigation  was  undertaken  to  assess 
the  suitability  of  the  fracture  mechanics  parameter  Kc  for 
determining  the  fracture  resistance  of  fiber-reinforced 
metal-matrix  composite  materials.  In  linear  elastic  fracture 
mechanics,  Kc  applies  to  thin-sheet  material  essentially 
under  conditions  of  plane  stress  where  small  amount  of  crack 
growth  occurs  prior  to  Instability  and  final  separation. 

The  natter  of  concern  was  whether  the  inhomogeosous  nature 
of  metal-matrix  composites  was  sufficient  to  invalidate  the 
use  of  traditional  methods  which  were  derived  for  homogeneous 
metals.  The  investigations  revealed  that  the  inability  to 
predict  failure  mechanisms,  which  were  different  in  metal- 
matrix  composites  than  high-strength  metals,  and  the  variation 
of  elastic  modulus  as  a function  of  orientation  of  test 
specimens  with  respect  to  fiber  direction  were  the  major 
problem  areas  in  conducting  experimental  work  with  these 
composites.  Because  of  this,  it  was  concluded  that  fracture 
resistance  as  measured  by  Kj.  is  unlikely  to  provide  reliable 
characterization  for  metal-matrix  composite  materials. 

DiSCPSSIOK 

The  composites  industry  continues  to  produce  new  mate- 
rials that  show  potential  as  components  in  high  performance 
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Naval  systems.  Unfortunately,  the  materials  are  being 
developed  and  modified  faster  than  information  on  the  effect 
of  long-term  exposure  to  a marine  environment  on  their 
mechanical  properties  can  be  generated.  This  program,  as 
conceived,  emphasized  the  evaluation  of  reliability  criteria 
for  organic-matrix  composite  system.  Of  special  interest 
was  the  determination  of  the  effects  of  matrix  changes  on 
the  long-term  environmental  stability  of  this  material. 

However,  it  soon  became  evident  that  the  use  of  graphite 
fiber-reinforced  epoxy  resin  matrix  composites  as  structural  > 

materials  in  high-performance  Naval  vessels  would  not  be 
limited  by  the  intrinsic  hydrolytic  stability  of  the  materials 
but  rather  by  their  brittle  nature  and  by  the  inability  to 
consistently  manufacture  reliable  laminates . 

Of  the  two  problem  areas , Improving  the  reproducibility 
of  the  fabrication  process  is  the  most  readily  solvable.  In 
fact,  recent  developments  in  dielectric  analysis  and  C-13  NMR 
spectroscopy  have  given  the  fabricator  powerful  tools  for 
overcoming  the  two  major  areas  of  variability  - improper  cure 
and  variability  of  the  input  prepreg. 

Improving  the  toughness  of  graphite-reinforced  systems  ■ 

will  require  a larger  effort.  Studies  are  currently  underway 
to  determine  the  effect  of  a flexible  interlayer  between  the 
fiber  and  the  matrix  in  increasing  the  toughness  of  composite  1 

systems.  Hybridization  of  the  fiber  system  and  Increasing  . \ 

toughness  by  use  of  stacking  sequence  designed  with  integral 
crack  stoppers  are  also  being  evaluated.  Hopefully,  these 
attempts  will  result  in  composites  with  Increased  resistance 
to  fast  crack  propagation. 

As  of  the  present  date,  what  is  available  to  the  design 
engineer  are  materials  with  good  average  mechanical  properties  1 

intrinsically  stable  in  a water  environment,  but  with  a 
variability  that  causes  large  penalties  in  design  allowables. 

These  penalties  reduce  the  attractiveness  of  graphite- 
reinforced  organic  systems  and  cause  design  engineers  to  be 
reluctant  to  specify  their  uses. 

This  study  has  been  able  to  Identify  some  of  the  problem 
areas  of  organic-matrix  composites.  It  has  shown  that  the 
graphite  system  is  intrinsically  stable  in  a water  environment. 

The  effect  of  laminate  geometry  on  mechanical  properties  has 

been  investigated  and  found  to  be  predictable  from  considers-  • 

tions  of  the  failure  mode  and  number  of  load-bearing  plies. 

Linear  elastic  fracture  mechanics  has  been  shown  to  be  a 

useful  method  for  evaluating  the  fracture  resistance  of 

composite  systems.  Lastly,  this  study  has  documented  the 

need  for  Increased  work  in  the  area  of  fabrication  in  order  • 

to  develop  reproducible  laminated  composites'. 
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MATERIALS 
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Fibers 


HKS 

Modmor  II 
Thornel  400 


Resins 


DKR332 

Nadic  Methyl  Anhydride  (NMA) 
Benyl  Dimethylaaine  (BDMA) 

DSH332 

Metaphenylenediaoine  (IIP DA) 


Eercules  Corporation 
Whittaker  Corporation 
Union  Carbide 


Dos  Chemical  Company 
Allied  Chemical  Company 
Eastman  Chemical  Company 

Dow  Chemical  Company 
Shell  Chemical  Company 
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TABUS  D7.  EFFECT  OF  FABRICATOR  ON  PROPERTIES  OF  GRAPHITE 
REINFORCED  COMPOSITES 

Fabricator  Strength  Notch  Toughness.  it 


Strength 
(MPa)  (psi) 

Notch  Toughness, 
(MPa)  (psi  • in.1'2) 

«f 

718.9 

104,271 

273.0 

39,588 

62 

517.4 

75,038 

159.5 

23,133 

64 

EFFECT  OF  PRKPREG  CURE  ON  PROPERTIES  OF  GRAPHITE  COMPOSITES 
Plate  Strength 


(HPa/a)  (p2i  • in.1/,2> 


409.3  59,364  20.6  18,717 


•Plate  C contained  prepreg  which  had  a greater  than  average 
degree  of  cure  prior  to  fabrication.  The  prepreg  was  still 
within  the  nauufacturera  stated  life  of  the  systea.  Plate  D 
was  aanufactured  from  prepreg  with  the  standard  degree  of 
cure. 
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Bonding  Technology 


Dr.  W.  0.  Bascom 

Organic  matrix  composites  and  structural  adhesives  are 
among  the  materials  being  considered  for  use  in  FCS.  Reli- 
ability criteria  must  be  developed  for  these  materials  to 
(1)  assess  their  suitability  for  FCS  and  (2)  to  be  part  of 
the  data  base  for  SI  technology.  As  with  high-strength 
metals,  reliability  testing  is  based  on  fracture  mechanics 
principles  and  in  fact,  because  composites  and  structural 
adhesive  joints  show  so  little  ductility,  their  failure 
can  be  characterized  by  linear  elastic  fracture  mechanics 
(LEFIf) . The  state-of-the-art  of  LEFM  testing  of  composites 
and  adhesives  is,  however,  still  developmental  and  not  yet 
ready  for  unqualified  engineering  applications.  Indeed, 
the  principal  accomplishments  of  this  subtask  have  been 
advancements  in  LBFM  testing  methodology  especially  with 
respect  to  structural  adhesives. 

Two  general  comments  should  be  made  pbout  the  use  of 
composites  and  structural  adhesives  in  FCS  before  summariz- 
ing the  work  on  LEFM  testing.  First,  there  should  be 
considerable  caution  in  the  use  of  graphite/epoxy  composites. 
Although  these  materials  have  high  modulus  and  are  not 
especially  sensitive  to  moisture  (Figs.  E11,E12),  they  have  an 
Inordinately  low  toughness  (Fig.  S13)  and  therefore  would  be 
susceptible  to  flaw  growth.  Secondly,  the  use  of  structural 
adhesives  in  metal  Joining  for  FCS  construction  is  not 
presently  warranted  because  of  their  extreme  moisture 
sensitivity  (Fig.  El  and  Table  B2).  Possible  means  of 
correcting  or  circumventing  these  problems  are  discussed  in 
the  text. 

The  advances  made  here  in  structural  adhesive  fracture 
testing  for  reliability  criteria  were  to  (1)  establish  the 
existence  of  a bond  thlckness-tesperature  effect  (Figs.  S14, 
E15)  and  (2)  demonstrate  a dramatic  reduction  in  toughness 
in  joints  subjeot  to  combined  tensile  and  shear  stresses 
(Figs.  X6,S7).  These  effects  had  not  been  previously 
known  and  add  considerable  complexity  to  adhesive  fracture 
testing.  It  was  possible- in  this  work  to  identify  the  micro- 
mechanics  of  the  bond  thickness  and  combined  stress  effects, 
and  this  information  may  eventually  help  in  reducing  the 
complexity  of  fracture  testing  these  materials.  ‘ 


y.’~  ■ ■ 


* ■ -- 


ACCOMPLISHMENTS 

The  reliability  of  structures  bonded  with  high- performance 
adhesives  is  determined  by  the  resistance  of  flaws  in  the  bond 
line  to  propagate  by  combined  conditions  of  stress  and  envi- 
ronment. Test  methods  for  the  fracture  reliability  of 
adhesives  based  on  linear  elastic  fracture  mechanics  (LEFM) 
had  been  developed  prior  to  this  program  (Ref.  El  and  E2). 

These  methods  were  used  and  significantly  extended  in  the 
work  of  this  subtask  to  determine  the  effect  of  joint  geom- 
etry (bond  thickness  and  bond  angle),  environment  and  adhesive 
composition  on  bond  reliability. 

A survey  was  made  of  the  fracture  resistance  of  commer- 
cial structural  adhesives  now  used  in  aerospace  construction 
and  presumably  suitable  for  ECS.  The  fracture  energies  (die) 
measured  in  opening  mode  (oleavage,  mode- I)  are  presented  in 
Fig.  £1.  Clearly,  the  commercially  formulated  adhesives 
overcome  the  very  low  toughness  of  the  base  epoxy  resins 
from  which  they  are  derived. 

A relatively  simple  elastomer-epoxy  resin  composition 
was  formulated  that  effectively  modeled  the  fracture  behavior 
of  the  commercial  adhesives.  In  this  formulation  the  elastomer 
is  dispersed  as  2-5fi  particles  in  the  epoxy  resin  matrix. 

This  morphology  gives  high  toughness  with  a minimum  loos  in 
the  tensile  strength  and  modulus  of  the  base  epoxy  resin. 

This  "model"  structural  adhesive  along  with  selected  commer- 
cial adhesives  vers  used  in  subsequent  testing. 

The  effects  of  bond  thickness  on  adhesive  fracture  were 
determined  using  the  model  adhesive  and  the  mode- I (cleavage) 
specimen  illustrated  in  Fig.  £2A.  The  results  plotted 
in  Fig.  £3  are  characterized  by  a maximum  in  fracture 
energy  at  about  20-30  mils  (0.051-0.076  cm)  bond  thickness. 

Note  the  following:  (a)  the  toughness  of  the  epoxy  resin  has 

been  increased  30-40X  by  the  incorporation  of  the  dispersed 
olastomeric  phase,  (b)  the  steep  decline  in  toughness  as 
the  bond  thickness  is  reduced  below  the  maximum  point,  and 
(c)  in  this  region  below  the  maximum  joint,  fracture  is  stable, 
i.e.,  the  crack  is  driven  by  the  machine  instead  of  jumping 
unstably  ahead  of  the  crossheads. 

The  bond  thickness-adhesive -toughness  relationship  of  . 
the  model  adhesive  undergoes  a marked,  systematic  change  with 
temperature.  The  results  shown  in  Fig.  S4  indicate  that 
the  maximum  in  toughness  shifts  to  higher  bond  thicknesses 
with  increasing  temperature . This  data  can  be  used  to  show 
the  change\in  fracture  energy  with -temperature  at  a fixed 
bond  thickness . For  example,  at  the  10  mil  (0.025  cm)  thick- 
ness frequently  recommended  .by  adhesive  suppliers  the  plot  in 
Fig.  S5  shows  a strong  maximum  at  25°C  (ambient). 
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Hie  stress  conditions  of  mode-I  testing  simulate  only 
peel-type  loading,  yet  many  joints  are  designed  to  avoid 
peeling  loads  as  much  as  possible  in  favor  of  shear  loads. 
Therefore,  It  is  important  to  characterize  adhesive  fracture 
in  combined  tensile  and  shear  loading.  The  test  specimens 
used  for  this  purpose  in  this  work  are  illustrated  in 
Figs.  E2B  and  E2C.  Results  using  the  "scarf-joint"  specimen 
vith  a bond  angle  (d)  of  45°  (Fig.  E2B)  are  given  in  Table  El. 
The  adhesive  fracture  toughness  (^(1, II)c45)  of  the  commer- 
cial and  the  model  structural  adhesives  in  this  combined 
stress  condition  were  generally  10X  less  than  the  correspond- 
ing mode-I  toughness  (rfjc) . This  was  not  the  case  for  the 
base  epoxy  resin  for  which  the  fracture  energy  was  about 
the  same  in  both  loading  conditions . 

Tests  were  conducted  to  determine  the  influence  of 
bond  angle  on  adhesive  fracture  using  both  the  scarf-joint 
and  the  dual-loaded  specimens  (Figs.  E2B  and  E2C,  respectively). 
In  the  latter  configuration,  shear  and  tensile  loads  can 
be  imposed  simultaneously  and  their  ratio  determines  an 
effective  bond  angle.  The  results  using  both  specimens  are 
given  in  Figs.  E6  and  E7  and  indicate  a complex  relationship 
between  bond  angle  and  adhesive  toughness. 

The  moisture  sensitivity  of  resln/metal  adhesive  bonds 
is  well  documented  (Ref.  E3).  Procedures  for  testing  the 
stress-corrosion  cracking  of  adhesive  Joints  have  been 
developed  (Ref.  E4)  in  which  the  specimen  in  Fig.  2A  is 
static  loaded  in  water.  A "threshold"  critical  stress- 
corrosion  fracture  energy,  *iscc,  is  determined  below  which 
there  is  essentially  no  crack  growth. 

Efforts  to  determine  *iscc  in  the  work  of  this  subtask 
were  largely  unsuccessful  due  to  experimental  difficulties. 
Although  the  results  obtained  at  other  laboratories  are 
undoubtedly  valid,  it  became  clear  that  there  are  fundamental 
problems  associated  with  the  test.  Accordingly,  the  work  was 
transferred  to  6,1  funding  (NAVAIR  022-06-001).  In  replace- 
ment, time-to- failure  tests  were  conducted  on  static  loaded 
aluminum-epoxy  resin  butt-joint  specimens.  Data  typical  of 
these  tests  obtained  using  an  unmodified  epoxy  resin  are 
given  in  Fig.  E8  and  show  the  usual  exponential  decay  in 
survival  time  characteristic  of  metal/resin  bonds. 

Post-failure  examination  of  that  butt-joint  fracture 
surfaces  revealed  fracture .markings ‘from  which. the,  critical 
flaw  size  could  be "estimated.  This  dimension  combined  with 
the  failure  stress  was  used  to  compute/the 'critical  fracture 
energy,  #0.  In  Table  X2,  values  of  4c  are  listed  for  various 
loading  conditions .and  ^environments,  Note  especially  that 


the  critical  fracture  energy,  - - the  criterion  determining 
bond  reliability  is  characteristic  of  stress-corrosion  fail- 
ure, *iscc,  even  when  the  relative  humidity  was  as  low  as 
45  percent  (ambient) , Only  when  the  bond  was  kept  essentially 
anhydrous  by  stirrounding  it  with  a dessicant  or  in  dynamic, 
rising-load  testing  was  the  failure  criteria  determined  by 
<#IC,  the  fracture  toughness  of  the  adhesive  resin. 

DISCUSSION 

It  is  quite  clear  that  the  limiting  factor  in  the  reli- 
ability of  state-of-the-art  adhesives  is  their  moisture 
resistance.  In  Fig.  El,  the  stress-corrosion  fracture 
toughness  of  the  aluminum  adhesive  bonds  are  2X  to  10X  less 
than  the  fracture  toughness  of  the  adhesives  themselves; 
and  Judging  from  the  results  in  Table  E2,  bond  failure 
occurs  by  stress-corrosion  even  at  ambient  humidity.  Only 
under  nearly  anhydrous  conditions  or  when  a joint  is  subject 
to  a sudden  increase  in  load  does  the  "dry"  toughness  control 
joint  strength.  Because  of  this  moisture  sensitivity, 
structural  adhesives  are  presently  unsuited  for  use  in 
marine  environments  and  thus  are  not  candidates  for  FCS 
construction.  Improvements  in  bond  SCC  reliability  are  on 
the  horizon,  notably  new  surface  treatments  for  metals  and 
the  combined  use  of  adhesives  with  spot  welding,  i.e., 
veldbond.  These  technologies  are  still  developmental  and 
even  when  developed,  engineering  and  reliability  experience 
will  be  required  before  they  can  be  considered  for  FCS. 

Work  on  the  SCC  of  adhesive  bonds  is  continuing  here  with 
emphasis  on  improving  the  test  method  for  *iScc  (NAVAIR 
WR  022-06-001,  NRL  61C02-21)  and  improved  moisture  resistant 
adhesives  (V/STOL-DLF,  NAVAIR  WF  54-593-202,  NRL  61C04-10) . 

Establishing  reliability  criteria  for  bonding  is  further 
complicated  by  the  fact  that  an  adhesive  Joint  is  in  many 
respects  a structure;  and  unlike  a monolithic  material, 
e.g.,  a steel  plate,  its  fracture  behavior  has  certain 
geometric  aspects  such  as  bond  thickness  and  bond  angle. 

One  of  the  accomplishments  in  this  subtask  has  bean  to 
demonstrate  the  importance  of  these  effects. 

The  dramatic  effect  of  bond  thickness  on  adhesive  frac- 
ture had  not  been  realized  prior  to  this  work  and  has 
important  implications  with  respect  to  joint  design.  In 
the  results  for  cleavage  toughness  (#jc)  at  ambient  temper- 
ature (Fig.  S3),  the  optimum  thickness  would  not  be  at 
the  maximum  but  at  the  highest  value  of  Jic  that  would  also 
assure  stable  crack  propagation,  i.e.,  ~ 0.025  cm 
(0.010  in.).  The  data  also  indicate  the  importance  of  main- 
taining close  tolerances  on  bond  thickness.  The  steep 
decline  in  #jc  imposes  a severe  penalty  on  joint  strength 
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if  the  thickness  is  only  a few  ails  under  specification  or 
a joint  subject  to  catastropic  failure  (unstable  crack 
propagation)  if  the  thickness  is  over  specification.  Tem- 
perature changes  can  have  a large  effect  on  joint  toughness 
as  indicated  in  Figs.  E4  and  E5.  The  latter  Indicates  a 
severe  temperature  dependence  typical  of  an  adhesive  for- 
mulated to  have  high  peel  strength  in  a narrow  temperature 
range  near  ambient.  Adhesive  formulations  have  been 
developed  with  high  strength  over  wide  temperature  ranges 
although  usually  at  a sacrifice  in  toughness  and/or  process- 
ability. 

The  most  surprising  result  of  this  work  is  the  effect 
of  stress-condition  (bond  angle)  on  adhesive  fracture. 

Simply  stated,  the  high  toughness  of  structural  adhesives 
in  peel  loading  (i.e.,  <#ic)  is  essentially  lost  at  other 
loading  conditions.  This  does  not  mean  that  adhesive  joints 
are  strongest  in  peel:  Actually,  there  is  a significant 

increase  in  joint  strength  as  the  bond  angle  is  Increased. 

On  the  other  hand,  the  strength  of  structural  adhesives 
presently  available  could  be  increased  by  more  than  a factor 
of  two  If  the  toughness  they  presently  have  in  mode- I 
fracture  could  be  translated  into  other  loading  nodes,  i.e., 
scarf -joints,  lap-shear  joints,  etc. 

The  effect  of  stress-condition  on  adhesive  fracture 
revealed  in  Table  El  and  Fig.  E7  indicates  the  need  for  a 
major  change  in  the  test  methodology  for  adhesive  joint 
reliability  criteria.  Heretofore,  it  had  been  assumed  that 
cleavage  testing  for  adhesive  was  sufficient  sincp 
opening-mode  (aode-I)  is  generally  the  lowest  fracture 
energy  and  therefore  a sufficient  criterion  for  design 
purposes.  Although  this  assumption  ie  usually  true  for 
monolithic  specimens,  it  is  clearly  not  the  case  for  a 
bonded  joint  which,  as  indicated  above,  must  ba  viewed  as 
a structure  and  not  as  a monolithic  element.  The  error  in 
assuming  that  i#ic  is  a sufficient  criterion  for  joint  design 
can  be  appreciated  by  considering  the  nylon-epoxy  adhesive 
and  using  the  4j~  (Table  El)  as  the  failure  criterion.  The 
predicted  strength  of  a scarf-joint  (0  - 45°)  using  this 
, adhesive  would  be  about  3X  the  actual  strength. 

| Based  on  the  results  of  this  study,  complete  fracture 

' characterization  of  a structural  adhesive  must  include: 

l (a)  *c  determinations  at  bond  angles  from  0°  (#jp)  to  90 

I (<*Uc  ~ pure  shear),  (b)  the  effect  of  bond  thickness  to 

t establish  the  thickness  for  maximum  and  its  rate  of 

| < change  around  the  maximum  point,  and  (c)  the  effect  of 

I temperature  on  the  bond  angle  and  thickness' dependencies, 

f These  requirements  represent  a rather  formidable' testing 

v ■ program  for  a given  adhesive  especially  if  SCO  testing 
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is  required  in  addition.  In  order  to  simplify  the  effort, 
there  is  a need  to  establish  analytical  relationships  between 
fracture  toughness  and  Joint  geometry. 


Fart  of  the  work  of  this  subtask  was  devoted  to  iden- 
tifying the  micromechanlcs  of  adhesive  failure.  The  details 
of  the  work  are  reported  elsewhere  (Ref.  K4-E8),  but  the 
general  conclusions  have  a bearing  on  the  analytical  rela- 
tionships needed  to  simplify  adhesive  fracture  testing. 
Essentially,  the  micromechanics  studies  demonstrated  the 
importance  of  the  crack-tip  deformation  zone  in  determining 
adhesive  fracture  behavior.  The  diameter  of  the  zone, 
indicated  by  2ry  in  Fig.  E9,  is  related  to  the  fracture 
toughness,  yield  strength,  ay , and  yield  strain,  ey 
of  the  adhesive  resin  by 
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where  Z is  a constant  determined  by  the  stress  condition  on 
the  Joint.  The  significance  of  equation  1 is  that  for  a 
wide  range  of  resins  used  as  structural  adhesives  the  yield 
properties,  oy  and  ey,  are  not  greatly  different;  and  so  the 
zone  size , ry  , is  the  principal  factor  in  determining  resin 
toughness.  Indeed,  when  an  adhesive  formulator  toughens  a 
basic  epoxy  resin  by  the  addition  of  elastomers  or  other 
agents,  it  is  the  ry  parameter  being  affected.  Furthermore, 
the  effect  of  bond  thickness  and  possibly  bond  angle  on 
adhesive  *c  can  be  understood  in  terms  of  the  crack-tip 
deformation  zone.  For  example,  the  maximum  in  *c  (in  both 
mode- I (Fig.  E3)  and  combined  mode  fracture  occurs  when 
the  zone  diameter,  2ry,  and  the  bond  thickness  are  about 
equal  and  that  the  decline  in  toughness  to  either  oida  of 
the  maximum  can  be  attributed  to  changes  in  the  restraint 
on  resin  deformation  at  the  crack  tip  by  the  stiff  metal 
adharends.  The  possibility  exists  that  some  quantitative 
relationship  exists  between  bend  thickness  ry  and  adhesive 
*c  which  if  developed  would  permit  calculation  of  the  *c~ 
bond  thickness  dependence. 

The  effects  of  stress-condition  (bond  angle)  on  adhe- 
sive failure  micromechanlcs  are  more  complex  than  the  bond 
thickness  effects.  Indeed,  the  results  of  the  study  here 
have  raised  seme  fundamental  questions  about  tho  crack-tip 
stress  field  under  combined  stress  loading  and  the  response 
of  the  formulated  resins  tc  these  stress  fields,  Fork  on 
this  problem  is  continuing-  under  6,1  funding  (KRX>  Problem 
6IC02-21),  but  it  is  clear  that  the  development  of  analyt- 
ical relationships  between  bond  angle  and  adhesive  fracture 
toughness  are  very  distant. 
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TABLE  EL.  CLEAVAGE- MODE  VS.  MIXED- MODE  ADHESIVE  FRACTURE 
TOUGHNESS 

o 

Fracture  Energy  (J/n  ) 
Cleavage  Cleavage  + Shear 

Adhesive  Resin ^Ic *(I,II)c45° 


1 

Unaodified  Epoxy* 

116 

140 

i 

1 

CTBN-Epoxyb 
10%  eras 

3500 

110 

1 

30%  CTBN 

2200 

110 

1 

Conner cial 

Elactoaer-Spoxy 

2300 

870 

Nylon-Epoxy 

6100 

750 

ME  329® 

630 

55 

i i 

AF  243d 

860 

220 

<*1 

1 

1 

* Hexahydrophthalic  anhydride 

- DGEBA 

b Piperidine  - DGEBA 


c Naraco  Materials,  Inc. 
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Fig.  El  — Fracture  toughneaa  ranking  of  rain*  and  adhesive*.  Note  the  tub- 
itantial  increaae  in  toughneaa  achieved  by  formulating  the  epoxy  retina  with 
rubber.  { 1 in.Jb/in.2  * 176.3  J/ma.) 
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Fig.  E2(s)  — Tapered  double  cantilever  beam  apedmens 
used  for  opening-mode  adhesive  fracture 
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Pig.  E5  — Effect  of  temperature  on  adhesive 
Solid  line  is  for  a commercial  epoxy-rubber  ad 
structural  adhesive. 


pig.  E6  — Effect  of  bond  angle  on  adhesive  fracture  toughness  of  unmodified 
epoxy  resins,  •,  O;  and  rubber-modified  resins,  o,  A 
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Fig.  E7  — Effect  of  bond  angle  on  the  adhesive  fracture 
toughness  of  a rubber-modified  epoxy  resin 
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TIME  TO  FAILURE.hr. 

Fig.  E8  — Time-to-failure  vs.  static  load  for  epoxy-aluminum  butt  joints.  Note  the 
considerable  durability  when  the  bond  is  kept  below  ambient  humidity,  (open 
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Technology  Transfer 


Throughout  the  DU  program  a significant  effort  was 
made  to  make  use  of  existing  SI  technology  and  of  the  tech- 
nology developed  in  the  program  to  impact  existing  hardware 
development  programs  and  to  acquaint  Navy  designers  and 
engineers  with  SI  technology.  These  efforts  were  primarily 
directed  at  the  NATO  Patrol  Hydrofoil  Missile  (PHM)  program, 
specifically  at  the  strut  and  foil  structure  of  this  craft. 
Other  activities  by  NHL  personnel  to  advance  the  use  of  SI 
technology  include  many  consulting  activities,  courses  held 
at  the  Naval  Ship  Engineering  Center,  publication  of  a 
standard  method  of  test  for  stress-corrosion  cracking  of 
metals  (1),  and  participation  on  ASTK  committees  to  accom- 
plish the  same  standard  at  that  level. 
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The  major  return  on  Investment  in  the  DU  program  was 
the  benefits  which  accrued  to  the  PHH  NATO  Hydrofoil  Program. 
Early  in  the  program,  problem  areas  concerned  with  cracking 
processes  due  to  combined  loading  and  environmental  effects 
in  the  17-4  PH  strut/foil  system  were  identified.  The  PHM 
office  and  The  Boeing  Company  were  informed  of  the  results 
of  the  investigation,  with  the  result  that  NHL  and  Boeing 
cooperated  to  find  the  optimum  way  to  xitllize  17-4  PH  steel 
for  the  strut/foil.  In  the  earlier  part  of  the  program,  the 
potential  problems  were  of  the  type  that  require  a great 
deal  of  maintenance  and  repair,  rather  than  being  short- 
term catastrophic  fracture  problems.  In  later  developments, 
a heat-treatment  schedule  which  results  in  brittle  weld 
metal  was  suggested  for  the  struts  and  foils. 


The  DU  program  concentrated  on  17-4  PH  steel  at  a 
strength  level  of  1034  MPa  (150  ksi),  which  has  demonstrated 
a susceptibility  to  cracking  in  a similar  application  on  the 
prototype  hydrofoil  TUCUKCABI.  The  initial  selection  of 
17-4  PH  steel  for  the  PHM  is  preference  to  HY-130  and  other 
steels  was  made  primarily  os  the  basis  of  some  experience 
with  17-4  PH  and  other  contending  materials  for  which 
extensive  data  pertaining  to  crack  growth  and  fracture  were 
not  available.  To  correct  this  deficiency,  a program  was 
initiated  to  assemble  and  analyze  the  data  required  to  define 
the  crack  tolerance  of  17-4  PH  steel  in  the  seawater  environ- 
ment. 
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The  SCC-RAD,  Fig.  1,  was  used  to  analyze  the  potential 
for  catastrophic  fracture  and  for  crack  growth  by  seawater; 
stress-corrosion  cracking  and  additional  studies  of  fatigue 
and  corrosion  fatigue  and  electrochemical  coupling  with 
other  materials  were  also  made.  Data  zones  defining  the 
fast  fracture,  SCC,  and  electrochemical  coupling  properties 
of  vacuum-melted  17-4  HI  steel  are  presented  on  the  RAD  in 
Fig.  1.  The  data  include  URL  test  results  and  data  from 
Boeing  Company  reports.  The  NRL  test  materials  were  heat 
treated  over  a range  of  temperatures  which  include  the 
condition  originally  planned  for  use  on  the  HIM  project 
(H-1050  teapar) . 

Fast  fracture  is  not  expected  to  be  a problem  for 
vacuum-melted  17-4  PH  steel  in  the  H-1050  temper;  however, 
the  air-melted  materials  have  unacceptably  low  fracture 
properties.  The  SCC  properties  of  17-4  PH  steel  are  very 
low,  which  Is  an  indication  that  crack  growth  can  be  expected 
at  reasonable  operating  loads.  An  even  more  severe  problem 
is  electrochemical  coupling  of  the  strut/foil  assembly  with 
the  aluminum  hull  or  with  other  metals.  Such  coupling 
results  in  accelerated  flaw  growth  at  lower  Ki  values,  as 
shown  by  the  coupling  zone  on  the  RAD;  this  translates  to 
a lower  expected  load  requirement  to  cause  crack  growth. 

A more  Important  item  which  grew  out  of  the  DLF  efforts 
in  the  17-4  problem  area  was  that  steps  are  being  taken  to 
assure  that  the  same  problems  are  not  repeated  in  similar 
structures.  One  approach  was  to  design  a strut/foil  system 
for  the  PHM  with  HY-130  steel,  in  which  the  contractor  was 
required  to  formulate  a plan  to  prevent  or  control  crack 
growth  and  fracture.  This  plan,  called  the  Hydrofoil 
Structural  Integrity  Program  (HSIP),  was  the  first  such 
required  for  Navy  structures.  Under  the  DLF  project,  NRL 
personnel  served  on  the  Navy  review  board  and  on  Navy/ 
contractor  teams  to  implement  the  HSIP  for  the  PHM  strut/ 
foil  system.  While  the  HY-1S0  strut/foil  system  was  not 
built,  the  design  was  the  first  to  incorporate  formal  SI 
plans  and  sorved  as  a valuable  learning  exercise  for  both 
Navy  and  contractor  personnel.  Future  fast  craft  and  ships 
will  require  similar  treatment,  so  that  an  obvious  need  is 
standard  documents,  spelling  out  how  and  where  SI  technology 
should  be  applied;  NRL  personnel  are  presently  participating 
in  efforts  to  accomplish  the  standardization  of  SI  documents. 

Of  more  significance  is  the  experience  of  follow-on 
PHM  ship  design,  which  is  currently  ongoing.  As  a result 
of  studies  and  interactions  with  Boeing  and  the  PEK  project 
office,  the  beat-treat  schedule  for  the  17-4  PS  struts  and 
foils  for  the  follow-on  production  ships  was  changed  to  the 
H1100  temper.  In  the  design  of  new  struts  ard  foils,  base 
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metal  and  weld  metal  specifications  included  a minimum  DT 
energy  of  2712  Nm  (2000  ft-lbs)  (standard  1-in.  DT)  or  339  16a 
(250  ft-lbs)  (standard  5/8-in.  DT)  and  a yield  strength  in 
the  range  of  896-1034  MPa  (130-150  ksi).  Additional  require- 
ments placed  on  the  weld  metal  qualification  program  was 
that  each  candidate  weld  metal  be  capable  of  withstanding  an 
applied  stress-intensity  of  110  MPa/m  (100  ksi/Tn.  in  a salt 
water  environment  for  a period  of  500  hrs.,  i.e.,  KIacc  a 
110  MPa/m  (100  Icsi/in. ).  These  requirements  were  imposed  to 
assure  damage  tolerance  from  one-time  impact  type  loading 
and  to  enable  maintenance  and  inspection  intervals  to  be 
established  on  the  basis  of  expected  flaw  growth  resistance. 
These  requirements  for  the  use  of  SI  technology  were  engen- 
dered by  the  participation  of  NRL  personnel  on  the  design 
review  boards  for  struts  and  foils  and  an  awareness  of  the 
potential  problems  identified  in  the  course  of  the  DU 
program. 


Another  approach  to  technology  transfer  was  a series 
of  informal  seminars  conducted  at  the  Naval  Ship  Engineering 
Center  for  the  personnel  involved  with  materials  and  struct- 
ures. The  course  which  was  entitled,  "Principles  for 
Fracture-Safe  Design  of  Naval  Structures,"  consisted  of  13 
1-hr.  seminars,  11  of  which  were  presented  by  NRh  speakers 
under  the  DU  program.  The  information  ranged  from 
theoretical  fracture  mechanics  concepts  to  applications  of 
technology  for  defining  fracture,  fatigue,  and  environmen- 
tally assisted  crack  growth  in  high-performance  ship  and 
submarine  structures.  In  this  format,  the  background 
technology  and  the  information  generated  under  the  DU  task 
wore  disseminated  to  the  primary  users  in  the  quickest  and 
most  efficient  way  possible.  Appendix  B contains  an  outline 
of  the  subject  matter  presented. 

Standardization  of  test  methods  is  an  essential  part 
of  implementation  of  SI  technology.  Its  main  objective 
Is  to  ensure  uniformity  of  test  results  whether  the  test 
is  being  performed  by  laboratories,  materials*  producers, 
or  builders,  and  for  SI  technology,  the  issue  is  the  most 
crucial.  Properties  of  metals  that  pertain  to  crack  growth 
and  fracture  often  are  determined  by  processing  or  chemistry 
variables  that  are  difficult  to  control  in  standard  mill 
products;  more  important  Is  the  necessity  to  specify  minimum 
property  requirements  and  to  conduct  small  scale  tests  for 
quality  control. 

Problems  in  determining  materials'  properties  are  the 
frequent  dependence  of  the  tost  result  on  the  test  piece 
dimensions  and  on  the  test  procedure  used,  and  the  use  of 
inappropriate  test  methods  for  defining  the  property  in 
question.  One  contribution  to  the  technology  was  the 


drafting  of  a standard  test  method  for  determining  the 
parameter,  Kjsc„,  by  cantilever-bend  test  methods,  Tho 
standard  vas  published  as  NRL  Report  7865  (1)  and  has 
already  been  specified  in  the  PHM  project  for  qualification 
of  weld  procedures  to  be  used  in  17-4  PH  and  15-5  PH  on  the 
production  ships.  Additional  efforts  are  currently  underway 
in  the  ASTM  Committee  on  Fracture  (E-24)  to  standardize  the 
procedure  using  several  methods;  the  NRL  report  is  serving 
as  the  baseline  document  in  a round-robin  program  to  evaluate 
the  cantilever-bend  test  method. 


The  results  of  the  work  on  adhesive  bond  and  graphite- 
resin  composites  have  been  widely  disseminated  within  the 
Navy,  the  other  armed  services,  industry  including  aerospace 
and  resin  manufacturers,  and  the  academic  community.  A list 
of  publications  and  presentations  is  attached.  Notable 
among  the  presentations  is  the  NAVAIR-NRL  Tutorial  on  Fracture 
Behavior  of  Structural  Adhesive  Bonds  which  was  organized  to 
acquaint  Air  Force,  Army  and  NASA  personnel  on  the  fracture 
mechanics  of  structural  adhesive  joint  design.  Subsequent 
to  this  meeting  the  Air  Force  initiated  a program  on  advanced 
design  airframe  structures  using  adhesives  and  composite 
materials.  The  program  includes  the  use  of  fracture  design 
criteria  for  adhesive  joints  and  because  of  the  DLF  program 
results  the  Air  Force  is  specifically  addressing  the  problems 
of  bond  thickness  effect  and  mixed-mode  loading.  The  DLF 
work  on  adhesive  fracture  has  had  impact  on  adhesive  testing 
by  the  Army,  the  3M  Company  and  the  Locktite  Corporation  and 
on  the  adhesive  fracture  design  program  of  NASA. 

The  fundamental  significance  of  the  adhesive  fracture 
work  has  been  brought  before  the  scientific  community 
through  publications  in  refereed  journals  and  presentations 
at  scientific  meetings  and  at  universities.  Strong  interest 
has  been  expressed  by  researchers  working  on  related  problems 
of  polymer  fracture  at  the  University  of  Utah,  University  of 
Pittsburgh,  Lehigh  University  and  the  British  Ministry  of 
Defense.  Similar  interest  in  adhesive  bond  fracture  mech- 
anics has  been  expressed  by  workers  at  Auburn  University, 

MIT,  University  of  Illinois  and  the  University  of  Delaware. 

In  addition,  the  results  of  the  adhesive  studies  now 
constitute  a major  segment  of  a continuing  engineering 
course  on  adhesion  taught  at  George  Washington  University  by 
NRL  personnel. 

Finally,  it  should  be  noted  that  many  of  the  techniques 
and  concepts  developed  under  the  DLF  program  on  adhesives 
and  composites  have  been  carried  into  a new  program  at  NRL 
on  high  temperature  resins  for  7/STOL  aircraft. 
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APPENDIX 


PRINCIPLES  FOR  FRACTURE -SAFE  DESIGN  OF  NAVAL  STRUCTURES 
Outline  of  Short  Course  - NAVSHIPENGCEN 


SESSION 

NO. 


Introduction  to  Fractur e-Safe  Design  Problems 
Linear  Elastic  Fracture  Mechanics 


Concepts  of  classical  linear  elastic  fracture 
mechanics  and  mechanical  constraint  will  be 
presented  in  simplified  graphical  form;  laboratory 
test  specimens  and  procedures  will  be  described. 


Reference:  ASTM  STP  381,  410 


Definition  of  Principal  Engineering  Fracture  Test 
Methods  and  Significance  of  Each 


An  overview  is  presented  of  the  general  design 
features  of  principal  engineering  fracture  toughness 
te.rts,  including  the  Charpy  V-notch  (Cv)»  Robertson 
Uracic  Arrest,  Drop-Weight  (DW),  Dynamic  Tear  (DT) 
s.nd  Kic.  The  role  of  these  testB  in  interpreting 
the  brittle-ductile  transition  rill  be  described, 
and  comparisons  of  crucial  features  required  for 
accurate  definition  of  specific  fracture  staten 
will  be  made  for  the  different  test  methods. 


Reference:  NUL  Reports  6937,  6975 


Fracture  Control  Procedures  for  Low  and  Intermediate 
Strength  Steal's  - Fracture  A^alyois  Diagram 


Procedures  for  fracture  control  within  plane  strain, 
elastic-plastic  ana  plastic  fracture  states  will  be 
discussed,  and  their  application  to  solution  of 
engineering  problems  will  be  presenter  for  steels 
featuring  temperature  transition  behavior. 


Reference;  NRL  Reports  6957,  5930 


Role  of  Mechanical  Constraint  With  Respect  to 
Fracture-Safe  Assurance 


Thlcknecs-induced  mechanical  constraint  expands  the 
temperature  regime  that  defires  brittle  behavior 
and  shifts  the  brittlo-duciile  transition  to  higher 
temperatures  within  well-defined  limits.  Comparisons 
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of  Kjp  and  DT  energy  toughness  trends  will  be  made, 
and  the  significance  of  statistical  variations  in 
toughness  will  be  discussed. 

Reference:  NRL  Reports  6957,  6913 

5.  Metallurgical  Aspects  of  Fracture  for  Low  and 
Intermediate  strength  Steels 

Metallurgical  factors  such  as  chemical  composition 
and  heat  treatment  influence  significantly  the 
fracture  resistance  characteristics  of  temperature 
transition  steels.  These  effects  will  be  discussed 
as  they  relate  to  critical  aspects  of  temperature 
transition  features  for  selected  steels. 

Reference:  NRL  Reports  6975,  6900 

6.  RAD  Procedures  for  Fracture- safe  Design  With  High 
and  Ultrahigh  Strength  Steels 

The  fracture  mechanics  concepts  for  defining  the 
three  fracture  states  (linear  elastic,  elastic- 
plastic,  plastic)  will  be  presented.  Application 
of  RAD  procedures  to  the  trade-offs  between 
materials,  design  refinement,  and  inspection 
procedures  will  be  emphasised. 

Reference:  NHL  Report  7406  !• 

7.  RAD  Procedures  for  Fracturo-Safe  Design  With  j 

Non-Ferrous  Materials  | 

Fracture  mechanics  concepts  developed  in  prior  f 

lectures  will  be  applied  to  high-strength  titanium  I 

and  aluminum  alloy  systems.  j 

Reference;  NRL  Report  7281  $ 

i 

8.  Effects  of  Stress-Corrosion  Cracking  on  Structural  1 

Integrity  | 

Procedures  based  on  linear  elastic  fracture  mechanics  | 

concepts  for  establishing  the  sty ess- corrosion-  ! 

cracking  resistance  (Kjacc)  of  structural  metals  | 

will  be  described.  RAD  procedures  for  interpretation  I 

of  the  Kjgcc  -e8t  results  for  stress-corrosion  j 

cracking  will  be  presented.  . ! 

Reference:  NRL  Bepnrt  7371  | 
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9.  Basic  Aspects  of  Fatigue  Crack  Propagation 

Basic  laws  governing  fatigue  crack  growth  in  terms 
of  linear  elastic  fracture  mechanics  parameters 
will  be  presented. 

References  NRL  Report  7422 

10.  Application  of  Fatigue  Crack  Growth  Technology  to 
Design  of  Naval  Structures 

A presentation  of  Navy  fatigue  problems  and  design 
of  structures  for  finite  life  cycles  based  on  crack 
growth  laws  will  be  made. 

11.  NAVSHIPENGQJN  Structures  Department  Presentation 

12.  NAVSHIPENGCEN  Structures  Department  Presentation 

13.  Application  of  Code  Requirements  to  Fracture-Safe 

Assurance 

ASTM,  ABS,  MIL  Specifications  and  ASME  Boiler  and 
Pressure  Vessel  Code  will  be  reviewed.  Emphasis 
will  be  placed  on  the  ability  of  codes  to  define 
a fixed  level  of  toughness.  The  question  of 
sufficient  toughness  versus  structural  performance 
requirements  will  be  considered. 

Reference:  NRL  Report  7406,  WRC  Bulletin  186 

14.  Review  of  Course 
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